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Abstract
Artificial light (i.e. unnatural light emitting from a human-made source) is one of the
most extensively distributed, and least managed, type of anthropogenic pollution. Due to the
disproportionally high rates of urbanization in critical coastal ecosystems, species, like marine
turtles that use beach habitat for nesting activities, are especially vulnerable. Marine turtles
employ the use of multiple visual cues (e.g. wavelength, intensity, background illumination, and
dark silhouettes) to conduct sea-finding behavior and different variations in cue usage exist
across species and geographic location. During nesting and emergence activities, orientation can
be interrupted and manipulated by artificial lighting resulting in lower sea-finding success and
implications for marine turtle population decline. Published literature regarding this topic ranges
widely in study location, and within Florida, the Gulf Coast is substantially less studied
compared to the east. The first part of this study reviews all published literature on marine turtle
orientation and artificial light impact and analyzes the distribution of studies across location and
species, finding that, out of 73 publications, the majority of studies are located in Florida’s East
Coast (39.7%) and include loggerhead (Caretta caretta) turtles (46.6%). Secondly, lighting
impact was analyzed in Pinellas County, Gulf Coast, Florida, using light survey information and
disorientation report and mortality count for C. caretta from FWC Marine Turtle Disorientation
Reports as proxies. A Wilcoxon-Kruskal-Wallis test was used to determine significance between
property type (e.g. condo/hotel, undeveloped, single-family home/duplex, business) and year
with lighting impact, and a quadratic regression was used to determine if proportions of property
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types per municipality could be a predictor for number of reports and mortality. While beach
length (km) accounted for the majority of the variation between municipalities, these analyses
demonstrated that a higher proportion of businesses (p < .0001), in combination with a
nonhomogeneous variation in property types, indicates higher predictors of lighting impact for
that beach section. Lastly, this study discusses a potential management tool that utilizes data
from the same common reports to construct a heatmap using ArcGIS, displaying both
disorientation reports and light infractions attached to the causal properties and indicating the
most impactful properties and regions. This study sets up framework for future evaluations of
light impact on a local level and offers new management suggestions for the conservation of
local marine turtle populations.

vi

1. Introduction
1.1 Organization of review
This chapter seeks to review current knowledge and research regarding anthropogenic
lighting, and its impacts on marine turtle behavior, ecology, and conservation. There have been
many advancements in recent years in the study of the influence of lighting, especially in marine
turtles, and this review will compile and synthesize information on the subject. Additionally,
major breakthroughs in understanding lighting impacts and how this research varies
geographically and phylogenetically will also be explored. The distribution of studies performed
across geographic region, species, life stage, and experiment type will also be analyzed and
discussed. Being able to evaluate and display trends in current and past research within this topic
of study may highlight both key discoveries as well as gaps in this field’s current understanding,
allowing for projections on how further research efforts should be focused.

1.2 Literature review
1.2.1 Increases & outcomes of urban development
Urban development has increased at unprecedented rates within the past few decades in
association with technological advancements and economic and population growth both in the
U.S. and worldwide. The degree of urbanization worldwide has increased from 29% in 1950 to
over 50% in 2008 and this trend is expected to continue with the human population continuing to
rise (Barragán et al., 2015). The increases in urbanization and the overall human population size
has led to an exponential growth in urban lighting over the past 50 years, and now light at night
can be used to represent human population density and development (Fuentes et al., 2016; Zissis,
1

2020). Due to the current prevalence of artificial lighting (i.e. concentrated anthropogenic
sources of light) in growing human communities and transportation networks, understanding its
impact on natural systems is critical (Witherington, 1991; Gaston, 2013).

1.2.1.1 Worldwide
Artificial light is one of the most extensively distributed and least managed type of
anthropogenic pollution (Rich & Longcore, 2013; Pendoley & Kamrowski, 2016). Ecological
light pollution (i.e. light generated by human activity rather than natural patterns) encompasses
both direct glare and unexpected lighting fluctuations and is caused by sky glow and direct
lighting sources (Rich & Longcore, 2013). It has been estimated that 60% of the world’s
population is impacted by sky glow, a type of artificial light, that is reflected or emitted upward
and scattered by atmospheric molecules and aerosols back to the earth’s surface (Davies, 2013;
Gaston et al., 2015). Further, Cinzano et al. (2001) calculated that over two thirds of the global
population and 99% of the United States population inhabit regions considered to be above the
threshold described to measure light pollution, noting that this type of pollution impacts every
inhabited continent on earth. Light pollution directly contributes to a plethora of problems that
are somewhat understudied through many scientific communities (Rich & Longcore, 2006).
Moreover, this pervasive illumination of night-time landscapes worldwide can have significant
influence on aesthetic, human health (YongMin, 2015), and environmental components
(Longcore et al., 2004; Davies, 2013).
Sources of direct artificial lighting, that combine to create sky glow on a large scale,
include external building lights, interior building lights, streetlights, road lights, vehicle lights,
fishing boats, communication towers, and industrial lights (Davies, 2013). Source lighting, for
example streetlamps, are strongly correlated with growing economies and urbanization, with
2

high intensity sodium vapor lights often used in streetlight fixtures constituting for over 80% of
the exterior lighting market currently (Lewanzik & Voigt, 2014). The sky glow that results from
this scattered illumination masks natural star and moonlight and Davies (2013) argues that this
leads to disengagement of urban people from natural spaces and eventually contributes to a lack
of public engagement regarding environmental issues. Furthermore, this night illumination
introduces light at locations, times, and at intensities that otherwise do not naturally occur as well
as with a spectrum that substantially differs from sun, moon, and starlight (Gaston et al., 2015).
Artificial light, however, influences not only human experiences and potential social behaviors
(Davies, 2013; Gaston, 2015), but also human health and physiological processes (YongMin et
al., 2015).
Human beings today rely more on light for productivity, safety, and comfort than ever
before; it is a convenience that is utilized during the majority of most people’s days. Exposure to
artificial light at night for the duration and consistency that is seen presently has been shown to
have major negative human health effects, some of which including increased risk of breast
cancer, circadian phase disruptions, developing sleep disorders, as well as heart disease, obesity,
and psychological disorders. Additionally, exposure has been linked to impairment in
psychological, metabolic, and cardiovascular function. Of these effects, interruption of biological
clocks along with the suppression of nighttime melatonin production is one of the most prevalent
health impacts associated with artificial light and the combination of these has been shown to
increase cancer risk (Gaston et al., 2015; YongMin et al., 2015).
Research regarding artificial light as a pollution has been increasingly conducted with
focus on the physiology of single individuals, especially humans, but to a far less extent with
impacts on populations and overall environmental and ecosystem health (Rich & Longcore,
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2013). In comparison with other forms of anthropogenic changes (e.g. climate change, habitat
destruction, CO2), artificial light is unparalleled; there is no natural analogue for which to predict
the nature, distribution, and rate of speed that this type of pollution may be defined by (Gaston et
al., 2015). Due to the cyclic patterns of natural light (e.g. daily, seasonal, and lunar), light is an
essential form of environmental variation that is critical for the development of life and is the
driving force behind biological and ecological systems at many levels (Gaston et al., 2013,
2015). As artificial lighting increases in distribution temporally, spatially, and spectrally,
anthropogenic light pollution threatens to pose a major influence on ecological and evolutionary
processes, and is considered one of the most wide-ranging pollution types that negatively impact
earth (Witherington, 1992; Davies, 2013; Gaston, 2013). Certain ecosystems and regions of the
world may be impacted at a disproportionally higher rate and intensity than others and
identifying the most vulnerable areas or biomes needs to be undertaken (Secondi et al., 2019).

1.2.1.2 Florida & coastal ecosystems
Coastal areas tend to contain larger human populations compared to inland regions due to
the industries that marine environments support (e.g. fishing, transportation, tourism) (Barragán
& Andrès, 2015). Even though only four percent of earth’s surface is comprised of coastal
ecosystems, approximately 40% of the world’s population reside in these regions (4% per UNEP
(2006)). Coastal ecosystems (e.g. dunes, beaches, barrier islands, estuaries, coastal waters, salt
marshes, etc.) support disproportionality high productivity levels and ecological activities, while
also providing vast amounts of goods and services to surrounding urban communities
(Economidou, 1982; Barragán & Andrès, 2015). Critical ecological functions of coastal habitats
include serving as a buffer against erosion and weather damage, filtering impurities, providing
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nesting and nursery habitats, and feeding grounds for a diverse range of species (Economidou,
1982; Marshall et al., 2013).
Beaches (i.e. a region of unconsolidated material compromised of the area landward from
the mean low water mark to where the tidal limit reaches (Economidou, 1982), and the passage
between terrestrial and aquatic environments defined by disturbance (Marshall et al., 2013))
provide all these functions but are considered one of the most vulnerable to anthropogenic
impact. These ecosystems are extremely dynamic and need the time and space to respond and
recover from both natural and anthropogenic driven influences. However, many beaches have
very little continuous habitat and restoration options available (Marshall et al., 2013). Tourism,
commercial activity, and other economic driven urbanization factors are now often very present
in beach ecosystems and are increasing in distribution and concentration (Davies, 2013). The
presence of these factors plays a role in many of the main threats that currently plague beach
habitats worldwide, including erosion, sand nourishment, removal, and beach cleaning, marine
construction (e.g. seawalls, dredging, erosion prevention structures), pollution (e.g. stormwater
nutrient runoff, solid waste removal), and the introduction of invasive species. Additionally,
climate change is becoming a critical influence regarding the alteration of sea-level located
habitats as oceans begin to rise and extreme storm activity becomes more frequent (Marshall et
al., 2013). Anthropogenic pressure has direct impact on species that utilize coastal dune
ecosystems, while some coastal ecosystems are impacted more than others (Perry, 2006).
These anthropogenic pressures are exceedingly present on the beaches in the state of
Florida, USA, with beach-specific tourism producing over 400,000 jobs within a $15 billion
dollar industry (Marshall et al., 2013). Florida is comprised of about 663 miles of low to
moderate-energy beach coastline habitat along the Gulf of Mexico and the Atlantic Ocean. Its
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geographical position latitudinally characterizes Florida’s coasts as a temperate and tropical
oceanic environment that experiences seasonal changes and is in a constant state of natural
fluctuation due to waves, wind, and the Gulf Stream current that passes along the state’s
coastline. These beaches also historically contain expansive energy-absorbing dune systems
landward of the waterline, systems that work to prevent erosion as well as offer critical foraging
and nesting habitat to many coastal and marine species (Perry, 2006; Marshall et al., 2013).

1.2.2 Defining & measuring artificial light
The language describing artificial light in the context of ecological impact as well as the
way it is measured and analyzed has continued to evolve since Verheijen (1985) coined the term,
photopollution (i.e. artificial light that negatively impacts wildlife). The term light pollution is
used to describe the degradation of the night environment; however it’s most often used in the
specific context of astronomical clarify from the human perspective. For the purpose of
discussing how artificial light disrupts ecological systems, the term ecological light pollution
will be employed to relay the significance of the environmental component within artificial
lighting degradation. Furthermore, artificial night lighting will be used to specifically address
light produced by human-related activity (Longcore & Rich, 2013).
There are many fundamental differences between artificial and natural light that are
important to consider when comparing their influence on the natural world. First, while natural
light is emitted from celestial bodies and chemical reactions, artificial light comes from humancreated luminaries. Secondly, natural light is scattered to a much higher extent because of
atmospheric travel, compared to artificial light. Thirdly, natural light is abundantly reflected
where artificial light appears brighter due to source proximity but fades much quicker. Fourthly,
artificial light is much more direct and brighter due to the number of objects artificial light
6

reflects from. Lastly, artificial light can be manipulated to point anywhere, while natural light
consistently points downward (Salmon, 2003).
To understand artificial light and its capacity to influence organisms, it is critical to
consider the natural conditions and patterns such as photoperiod, lunar cycle, twilight, and
climate (Secondi et al., 2019). These natural conditions vary by location and time, and although
earth’s light patterns cannot directly be altered, the way that they are perceived can be. Natural
weather patterns, such as the presence of cloud cover, can enhance the influence of artificial
light, so regions and time periods where cloud cover is more prevalent may intensify these
negative effects (Secondi et al., 2019). Additionally, variation in light-dark regimes among study
location and time needs to be considered when making comparisons. Understanding this
variation may help successfully comprehend the ecological impacts of introducing an unnatural
light source. Photoperiod varies consistently, with constancy increasing closer to the equator.
Lunar periods, conversely, do not vary across latitudes, and follow a 29.52 days pattern. Moon
phases play an important role in illuminance variation, but other factors like altitude and latitude
also influence illuminance level (Secondi et al., 2019).
Luminance can be defined as the brightness of glare from a direct source of light in a
given environment, and is often measured as intensity of light per unit area, while illumination
conversely refers to the amount of light in a given area incident on objects within that region
(Nightingale et al., 2006). The latter term is the measurement most frequently used in ecological
studies regarding light pollution, recorded as either photons per square meter per square second
or in lux (i.e. the light incident intensity on a given object weighted for spectral sensitivity
specifically of the human eye). Light fluctuates both in intensity (i.e. total number of photons in
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a given area) and in spectral content (i.e. wavelength, measured in nanometers), and these
measurements take into account both of these components at differing levels of emphasis.
These measurements may also vary due to localized weather patterns as presence of
cloud cover enhances the influence of artificial light, so regions and time periods where cloud
cover is more prevalent may enhance these negative effects (Secondi et al., 2008). Weather
patterns may change seasonally, differ among geographic location, and lead to increases in
ambient nocturnal illumination even in areas further from urban regions (Perry et al., 2008).
These factors to keep in mind when analyzing artificial light impact and understanding the
source of the light. Understanding the tools used to measure light and roles natural cycles and
conditions play in the fluctuation of the natural lighting regime is critical when attempting to
comprehend and measure the impact of the introduction of artificial light and manipulation of
natural sources (Secondi et al., 2019).

1.2.3 Biodiversity loss
Artificial light is increasingly becoming major threat to global biodiversity and is now
often included on list of ecosystem threats along with climate change, habitat loss, pollution, and
overexploitation (Longcore & Rich, 2013; Secondi et al., 2019). Analyzing and understanding
light pollution has gained more attention in recent years, but it is still unknown how much these
impacts vary geographically and in relation to biodiversity hotspots. Secondi et al. (2019)
reviewed the literature on light pollution and found that there are biases between biomes, and
biogeographical context was generally not considered to be a relevant component when
discussing interactions between humans and marine turtles. Furthermore, Secondi et al. (2019)
adds that regions and ecosystems most at risk have not been identified systematically and
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similarly there is a lack of understanding on how local environmental factors influence specific
species’ and populations’ sensitivity to artificial light.
Certain regions and ecosystems are predicted to be more vulnerable to artificial light,
specifically those regions that have more exposure to light and anthropogenic infrastructure.
Secondi et al. (2019) names habitats such as forest edges and clearings, riparian and open coastal
regions, and areas near roadways as likely hotspots for lighting impacts. It is important to note
however when discussing light pollution and its impact on biodiversity that it often occurs in
conjunction with other drivers of biodiversity decline that make for a stressful environment for
many species, including habitat destruction and fragmentation, climate change, and other forms
of pollutants.
While some impacts may be due to the synergistic effects of urban development, there
are examples where biodiversity has been directly threatened by artificial light at night.
Lewanzik & Voigt (2014) found, through the conduction of both an experimental study and field
observation, that artificial light in biodiverse tropical ecosystems was inhibiting bat-facilitated
seed dispersal due to this important species of fruit-eating bat’s avoidance of lit areas. This
avoidance behavior has been shown to impact the natural forest succession in already fragmented
tropical habitats, potentially leading to the reduction of flora biodiversity and increased land
erosion over time, highlighting how artificial light can be detrimental not only to species survival
but also to entire ecosystem functions.
However, discussing the interactions between light pollution and other types of humancaused environmental changes and the potential non-additive effects on biodiversity this
combination of pressures may have can be equally important to understanding the complexity of
outcomes from introducing artificial light into environments (Lewanzik & Voigt, 2014; Miller et
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al., 2017). Miller et al. (2017) explored this idea, investigating the non-additive effects of
warming temperatures and light pollution on a species of aphid and it’s two nighttime-foraging
beetle predators. While these environmental changes did not have large impact to the rate of
foraging success for the beetles and, in turn, the aphid population, independently, their combined
impact led to detrimental outcomes. Much lower abundances of aphids were found after the
introduction of both changes and Miller et al. (2017) predicted that these effects will only
strengthen as both warming and light pollution tend to co-occur and increase with urbanization,
thus amplifying their non-additive impact to ecosystem dynamics and biodiversity.
To fully comprehend the role that artificial light now plays in the natural world, an
understanding of the broad ecological impacts as well as the individual and species level
responses is critical.

1.2.3.1 Examples in non-turtle species
There are many examples of the negative impacts of artificial light on species’ biological
systems, biodiversity, and ecosystem health. Verjheijen (1985) and Witherington (1992) describe
these deleterious effects on wildlife, referring to this degradation of photic habitat as biological
photopollution. Examples of this in vertebrates include the disruption of foraging behavior in
rodents (Vasquez, 1994; Bird et al., 2004), disruption of corridor use and dispersal movements in
large cats (Beier, 1995), disorientation of navigational systems in birds (Rodriguez et al., 2012),
bats (Rydell, 2006; Polak, 2011), and turtles (McFarlane, 1963; Witherington, 1992), alteration
of visual perception (Nightingale et al., 2006) and species assemblages (Prinslow et al., 1980) in
fishes, and alteration of nest site selection in turtles (Witherington, 1992; Mazor et al., 2013), and
birds (De Molenaar et al., 2006).
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Mammals respond variably to artificial lighting, with nocturnal mammals generally being
more affected by the introduction of anthropogenic lighting compared to diurnal species. This
higher impact on nocturnal mammals is also associated with their eye structure as these nightadapted species have little to no cones, leading to a blinding effect when exposed to unnatural
light sources (Rich & Longcore, 2013). Vasquez (1994) found that a nocturnal rodent Phyllotis
darwini used light cues as an indicator of risk associated with predation during nighttime
foraging and would change its behavior depending on the level of natural and artificial light
present. Similarly, Bird (2004) displayed that another species of nocturnal rodent Peromyscus
polionotus leucocephalus avoided foraging and/or removed less seeds on patches located near
artificial light sources and exploited more patches in regions with little light present. Both studies
demonstrate that lighting has influence on foraging for nocturnal rodents, and artificial light can
negatively impact foraging behavior and duration.
Bats are another type of mammal that have been found to be strongly influenced by
artificial lighting (Rydell, 2006). Historically, this mostly nocturnal mammal order has been
heavily associated with light sources as they tend to feed on insects attracted to the artificial
luminaries. Rydell (2006) speculates now that both bats and the insects they feed off become
evolutionarily adapted to feeding at light sources, which likely influences the bat’s survival and
reproductive performance. Artificial lighting has also been shown to lead to indirect
consequences regarding competition between bat species, favoring species that have adapted to
living in urban environments and leading to declines in competitive advantages of lesser adapted
species (Polak, 2011). These ecological impacts, paired with evidence showing that light is also
manipulating the navigational abilities of bats during migratory and commuting periods (Buchler
& Childs, 1982) has led to the conclusion that bats and their interactions with artificial light at
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night is an important conservation issue that needs to be addressed in order to preserve bat
biodiversity (Rydell, 2006).
Bird populations, especially migratory species, have been declining worldwide in part by
the habitat change and increased death rate during migrations, two factors that implicate artificial
light (Gauthreaux & Belser, 2006). During flight, it is predicted that birds use light as a visual
cue for navigation. It has also been widely observed that birds have an inherent tendency to
move towards light sources, such as lighthouses, communication towers, urban building lights,
and general skyglow. Artificial light results in spatial disorientation because of these
implications, with studies displaying how light fields have led to birds routinely altering from a
straight flight path and, in some cases, crashing into the light source (Gauthreaux & Belser,
2006). These fatal collisions were explored in Rodríguez et al. (2012), where protected petrel
fledglings were shown to be decreasing in abundance largely due to fatal collisions with lit
human structures during their first few flights and noted that variations in individual fitness did
not seem to play a large part in determining mortality. However, spectral differences of the light
source are an important factor when predicting attraction for migratory birds, with many bird
species disorienting when exposed to yellow and red light but normally orienting around shorter
wavelengths (i.e. blue-green spectral range) (Gauthreaux & Belser, 2006). In addition to
navigational impacts, artificial light has also be documented to have a negative effect on bird
nesting density and reproductive behavior. De Molenaar et al. (2006) determined that roadway
lighting altered the breeding period timeframe for a population of black-tailed godwit and
predicted that the presence of this lighting may lead to physical and temporal shifts in nesting
over time if urbanization continues in this area. While roads, similar to other human structures,
produce a variety of other potential detrimental stimuli and factors (e.g. noise pollution, physical
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barriers and habitat destruction, waste, etc.), this study was able to determine that lighting
produced a small negative effect while other factors did not (De Molenaar et al., 2006).
Artificial light pollution not only impacts terrestrial ecosystems, but aquatic
environments as well. The resulting underwater illumination comes from sources of human
activities such as recreational and fishing boats, oil rigs, cruise ships, docks and piers, bridges,
nearshore buildings, and permanent fish farms (Nightingale et al., 2006). Teleosts (i.e. bony
fishes that make up around 97% of living fishes) rely heavily of specific light intensities as cues
for behaviors during critical life processes such as feeding, schooling, and migration
(Nightingale et al. 2006). These fish perceive light using photoreceptors, rods and cones, which
move in the eye to adjust to changes in light intensity from the source. Perception is then
dependent on not only the water quality and its ability to transmit light, but also spectral
properties of the light receptors. In foraging areas, this consistent exposure to artificial light has
been shown to influence the structure of local foraging communities, with diurnal fish often
having an advantage over fish that don’t regularly forage in times with high light presence due to
the larger capacity of their visual pigments to absorb light (Nightingale et al., 2006). Multiple
studies, including Prinslow et al. (1980) have demonstrated this modification of fish assemblages
and levels of predation because of the introduction of permanent sources of artificial light
pollution nearby. Alterations within the dynamics of predator-prey interactions have also been
observed, with schooling prey fishes being disproportionally subjected to large levels of
predation in areas directly illuminated by artificial lighting in comparison to similar
unilluminated regions (Prinslow et al., 1980; Nightingale et al., 2006). Additionally, the
alteration of natural light during nocturnal migrations has been documented to interrupt these
synchronized behavioral events in salmonid species. Tabor et al. (2004) found that artificial
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lighting and skyglow near spawning areas of sockeye salmon had multiple detrimental impacts
on the species, displaying interruption of movement, increased predation to sockeye fry, and
even delays in migratory behaviors. When light intensity was increased past a certain threshold,
migration of these salmon stopped completely (Tabor et al., 2004). These impacts could lead to
the population decline of salmonid species such as the sockeye salmon if artificial lighting
continues to increase around these rivers and estuaries that are critical spawning habitats.

1.2.3.2 Examples in reptiles, turtles
Reptiles, including turtles, are one of the largest groups of species impacted by artificial
night lighting, and are facing increases in species extinctions worldwide (Perry & Fisher, 2006;
Böhm et al., 2013; Rhodin et al., 2018). This decline can be explained as being a result of habitat
destruction, human take, and variety of pollution types, including light pollution. Reptiles have
evolved in the presence of natural lighting cycles and altering the transition and variation
between nocturnal and diurnal light intensities leads to changes and interruptions in an
organism’s physiology, ecology, and behavior. Species in these groups tend to be most at risk to
the impact of light pollution if they feed at light sources, inhabit urban areas or nearby reserves
close to city limits (i.e. edificarian species), or spend time near roadways (Perry et al., 2008).
Light pollution has been found to have both positive and negative impacts on reptile
species, impacting diurnal and nocturnal behavior via attraction (Verheijen, 1958). Some species
of diurnal lizards have been observed taking advantage of artificial lights as these lights often
attract invertebrate prey species and offer warmth. This can also lead to increased competition
and interaction, which creates both the formation of novel food webs and dominion over
resources by invasive lizards (Perry et al., 2008). Impact on snakes has not been studied in detail,
but Perry et al. (2008) summarizes that some species of water snake use lunar cycles to regulate
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foraging and other behavior patterns and introduced lighting may impact foraging success.
Additionally, illumination of snake’s nighttime habitat may lead to increased predation events.
Turtles have historically been in the forefront of biodiversity decline, with over half of all
356 Testudines species categorized as threatened or worse based on IUCN Red List criteria
(Bickman, 2007; Mittermeier et al., 2015; Assad et al., 2017). Furthermore, this percentage is
one of the largest calculated for any phylogenic group of vertebrates (Mittermeier, 2015). Very
little research has been conducted on the influence of artificial night lighting on freshwater
turtles, as compared to their marine counterparts. Anderson (1958) investigated the waterapproach behavior of emerged hatchlings of three freshwater turtle species with the addition of
artificial light from a flashlight or kerosene lamp. Findings were mixed across individuals, with
some showing signs of positive phototaxis. Most hatchlings however were able to successfully
navigate to the water, with variations in phototropic reactions across species. Additionally, these
freshwater turtles located the water post-emergence without the presence of the surf or
moonlight, and it was concluded that a negative response to the dark forest shadows may have
been a factor for the water-approach behavior observed. That study questioned the potential
variation in orientation mechanisms of turtles and prompted the need to explore these behaviors
within species specific contexts moving forward (Anderson, 1958).
Two groups of species in particular have been most heavily focused in artificial lighting
research within an ecological context, migratory birds and sea turtles. This is in part due to the
extreme impact that light pollution has been observed to cause on these species’ survival, but
also can be linked to the significant amount of public attention focused on birds and sea turtles
(Salmon, 2006). These impacts are also evident to many people, especially in developed
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countries, as migratory birds are often influenced by major cities, and sea turtles often nest in
high concentrations on well-visited, popular, beach destinations.

1.2.4 Marine turtle biology & ecological importance
Marine turtles are ancient marine reptiles, within the order Testudines and belonging to
families Cheloniidae (i.e. hard-shelled) and Dermochelyidae (lacks a hard shell), that inhabit
most ocean environments around the world. Seven species are currently recognized, including
loggerhead (Caretta caretta), green (Chelonia Mydas), leatherback (Dermochelys coriacea),
hawksbill (Eretmochelys imbricata), Kemp’s ridley (Lepidochelys kempii), olive ridley
(Lepidochelys olivacea), and flatback (Natator depressus) (Witherington & Trindell, 2014). The
six former species can be found in U.S. waters, with the five former having nesting rookeries on
U.S. beaches.
The life cycle for marine turtles is composed of a series of stages, categorized by changes
in size, location, and habitat type. Adult female turtles are currently thought to travel back to
their natal beaches (i.e. roughly the location from which they hatched) using Earth’s magnetic
field to nest, at night for most species, depositing eggs after crawling onto the sandy beach. The
eggs then incubate under the sand for approximately 60 days where hatchlings will then emerge
during the night, using a variety of cues to navigate toward the ocean. It is then generally
understood that these hatchlings spend their juvenile life stages in pelagic waters for an amount
of time that can vary between species and geographic location. Most species eventually will shift
to foraging in neritic and benthic habitats as they increase in size and age, with more temperate
species exhibiting larger migrations within their lifetime (Bjorndal et al., 2000a; Musick &
Limpus, 2017).
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Sea turtles play a critical role in the variety of ecosystems they inhabit during their
extensive lifetime. Some species are also considered ecosystem engineers (e.g. hawksbills are
thought to stimulate coral growth through foraging behavior directed at sponges (van Dam &
Diez, 1997) and have a considerable role in ecological dynamics and maintaining both the
structure and function of the marine and coastal ecosystems of which they reside and use for
nesting (Bjorndal & Jackson, 2002; Verissmo et al., 2012). Sea turtles have historically been a
major consumer species and the large decrease in sea turtle populations, along with other large
consumers, have led to severe and widespread trophic cascades (Bjorndal & Jackson, 2002).
They are also prey for other protected species, both in the ocean and on coastal nesting habitat,
and this unique bipartite life cycle connecting them to both terrestrial and marine ecosystems
thus enabling them to transfer energy between the two distinct environments. Energy and
nutrient transfer occur as well between nutrient-rich marine foraging grounds and nutrientlacking beaches through nitrogen-containing eggs being laid by nesting females, making nesting
sea turtles a critical contributor for obtaining nitrogen in these vulnerable costal beach
ecosystems (Bouchard & Bjorndal, 2000). Furthermore, during a time where sea turtles were
existing in historically balanced population levels, these species had other major ecological roles
such as hosting/transporting parasites, pathogens and epibionts, and acting as competitors
(Bjorndal & Jackson, 2002). Recently, sea turtle nesting populations, and the subsequent rise in
human interaction observed, have also been used as ecological indicators for evaluating coastal
habitat degradation due to their important role in maintaining these habitats (Marshall et al.,
2014).
Marine turtles also hold value as flagship species. Described by Frazier et al. (2005) as a
powerful symbol among cultures and coastal societies around the world, these depictions
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showcase these animals’ profound importance when understanding how humans interact with
marine environments. Human representations of sea turtles can be found in a myriad of art,
currencies, religious idols, literature, media, and industry, from ancient Greece to current day
travel companies, and occupying space within the cultural, economic, political, and social facets
of society. Sea turtles have ecological value, but their value as a flagship species, to attract
attention and induce needed support for the ecosystem they reside in, may be sea turtle’s most
important attribute for future conservation efforts (Frazier et al., 2005). Godley et al. (2020) adds
that these charismatic marine reptiles often play a critical role in gaining interest and bringing in
change for marine conservation, including important efforts for coastal protection and recently
campaigns and legislation regarding plastic pollution. Sea turtles provide ecological stability
while being a recognizable and meaningful symbol for the restoration and protection of marine
ecosystems.

1.2.4.1 Summary of threats to biodiversity
All species of sea turtle have declined in abundance during the last five centuries (Ceriani
et al., 2019). Major causes of this decline in biodiversity include increases in the human
population, international trade expansion, advancements in the fisheries industry (e.g.
overexploitation, bycatch, boat strikes, and alterations in trophic changes, habitat degradation
(e.g. coastal development), climate change, direct take, and pollution (e.g. artificial light, plastic
ingestion, petroleum contamination) (Bjorndal & Bolten, 2003; Witherington et al., 2009; Bolton
et al., 2011; Wallace et al., 2011). These threats can be difficult to measure and assign severity to
and many remain unquantified (Bolton et al., 2011).
Sea turtles are often most vulnerable on land, during nesting, incubation, hatching, and
emergence. This also happens to be one of a few instances when these species continually
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interact with human development. The most influential anthropogenic impacts on nesting and
hatchling sea turtles include direct habitat loss and fragmentation (e.g. beachfront structures,
shoreline hardening, chronic erosion) and indirect influences like invasive animal nest predation
and disorientations of nesting adults and emerging hatchlings from the presence of artificial light
(Bjorndal & Bolten, 2003; Witherington et al., 2009). These threats are especially harmful for
sea turtles in egg and hatchling life stages as Bolton et al. (2011) found that ecosystem
alterations, pollution, and species interactions are the leading causes for mortality at these early
terrestrial life stages. Artificial light is one of these pollution types and is known to have
extremely disruptive impacts on both the behavior and survival of hatchling and adult individuals
(Bolton et al., 2011; Price et al., 2018).

1.2.4.2 Marine turtle distribution
Marine turtles have some of the widest ranges of any vertebrate existing today, with some
species migrating across hemispheres and though vastly different ecosystems. Migrations
between foraging and nesting grounds can be up to thousands of kilometers in length and extend
from tropical through subarctic oceans, however most nesting occurs on tropical or subtropical
beaches (Pike, 2013).
An accurate understanding of the geographical distribution for the seven sea turtle species
and their distinct populations is needed for evaluating and managing threats. Most sea turtle
species are very widespread and different populations are often subjected to diverse types of
threats and ecological pressures resulting in many intra-specific variations between populations
that exist at different spatial and temporal levels (Wallace et al., 2010). This interdisciplinary
tool that integrates geospatial species information with localized management, ecosystem-based
marine spatial planning, is very useful for species like sea turtles that exhibits such variation
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among populations. Furthermore, in addition to sea turtles’ generally broad ranges, these animals
also have distinct geographic areas for life stages and behavioral events (e.g. foraging and
nesting). Within nesting beaches, which are commonly used for population analysis due to the
critical and consistent role these locations play in marine turtle life cycles, environmental factors
have been shown to manipulate local and regional sea turtle distribution (Fuentes et al., 2011).
Complexities created from these varying factors that exist among these habitats within one
population are important to include, in conjunction with overall distribution information, when
analyzing impacts at species and population levels (Wallace et al., 2010, 2011).

1.2.4.3 Loggerhead species overview
Loggerhead sea turtles (Caretta caretta) are widely distributed, with populations ranging
in Atlantic, Indian, and Mediterranean waters, and are internationally listed through the
International Union for the Conservation of Nature (IUCN) Red List as vulnerable, and protected
through the Convention on International Trade in Endangered Species of Wild Fauna and Flora
(CITES) (Witherington et al., 2009; Ceriani et al., 2019). Loggerheads are displaying an overall
decreasing population trend (Casale & Tucker, 2017) and certain populations and sub
populations are considered endangered or critically endangered (Wallace, 2010; Casale &
Tucker, 2017). Most nesting for this species occurs in the tropical and temperate Atlantic,
Pacific, and Indian oceans, with the largest rookeries located in Oman (i.e. western Indian basin)
and Florida (i.e. western Atlantic basin). Together, these two regions comprise approximately
80-90% of all loggerhead nesting (Ehrhart et al., 2003; Witherington et al., 2009).
Genetic analysis has now enabled the distinguishment of distinct populations within this
wide-ranging species. Wallace (2010) describes 10 distinct regional management units (RMUs),
which are distinguished in reference to geographical and biological explicit population segments
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based on the combination of information gathered from nest site selection, mitochondrial and
nuclear DNA, and long-term distribution and habit use at varying life stages. One of the two
most abundant of these RMUs, or subpopulations (Casale & Tucker, 2017), the Northwest
Atlantic region, encompasses the coasts of North America through the Bahamas (Ceriani, 2017).
Within the Northwest Atlantic subpopulation, the peninsular region of Florida (Northeast coast
Florida through Pinellas County on the Gulf Coast) accounts for 87% of nesting activity and is
considered the most active nesting region for this species in the Western Hemisphere (Ehrhart,
2003; Casale & Tucker, 2017; Ceriani, 2017).
The size of these populations is often determined by monitoring nesting emergences of
adult females due to the challenges of locating and counting male sea turtles in the water. Using
this method, Witherington et al. (2009) analyzed nesting data from Index Nesting Beach Survey
spanning an 18-year period (i.e. 1989-2006) and found an overall negative decline in loggerhead
nest counts for the state of Florida. This decline, approximately 43%, was attributed to the lack
of adult females in the population, which could be due to several proposed reasons (e.g.
increased juvenile/subadult mortality years ago, increased adult mortality in recent years). The
Florida loggerhead population was more recently analyzed by Ceriani et al. (2019) using similar
reproductive data and found that there was no evidence to suggest a strong enough population
recovery taking place. Recommendations were subsequently made to continue the level of
protection and management practices for this species and to focus efforts on addressing the most
persistent anthropogenic threats.
Threats attributed to mortality of loggerhead turtles was quantified by Bolten et al. (2011)
to access and rank severity across life stages and within threat categories. Light pollution was
listed as having the highest estimate of mortality within the pollution category and was only one
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of five specific threats labeled with the highest severity ranking. These five threats include other
factors: predation by native species, beach erosion, bottom trawling, and light pollution.
Furthermore, pollution was determined to be the leading cause of fatality in hatchlings and a
moderate mortality cause for sea turtles during the swimming frenzy post-water entrance (Bolten
et al., 2011).

1.2.5 Impact of lighting on marine turtle orientation
1.2.5.1 Orientation cues
Most species of marine turtle, apart from L. kempii (Carr, 1963) and L.olivacea (Karnad
et al., 2009), generally conduct all nesting and hatching processes at night (Salmon, 2006).
Navigation and orientation while on land for these purposes at night have been closely studied
since the early to mid-20th century. During this section, cues perceived for orientation by marine
turtles will be discussed as discovered chronologically.
Marine turtle orientation regarding the role of light was questioned in scientific literature
first through the observations of Hooker (1908, 1911) and Parker (1922), and then when Daniel
& Smith (1947) studied the sea-approach behavior of hatchling C.caretta turtles on the East
Coast of Florida. Upon observing hatchlings emerging from their nest and immediately orienting
and crawling to the ocean, this orientation was labeled a phenomenon and a “striking and
invariable reaction” (Daniel & Smith, 1947). These observations led to questioning what sensory
system was behind such immediate orientation behavior, and a small experiment was performed
to limit hatchlings’ visual cues by placing them in a steep hole. After the hatchlings were unable
to orient successfully, Daniel & Smith (1947) determined that visual perception of the ocean is
important for orientation and went on to display photokinetic reactions in hatchlings exposed to
light stimuli reinforcing the preliminary observations of a positive movement to blue light from
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Hooker (1908, 1911) and more specifically to the lowest, non-interrupted light (i.e. the horizon)
from Parker (1922). This mechanism was then related to the beaches’ natural environmental
conditions where the surf may be acting as a reflector of ambient light and therefore a focal point
for adult female and hatchling movement (Daniel & Smith, 1947).
Continuing to build from the foundation that Hooker (1908,1911), Parker (1922), and
Daniel & Smith (1947) had created, Anderson (1958) introduced the concept that both a positive
orientation to light and a negative orientation to dark objects (e.g. dunes, mass of vegetation)
may be responsible for turtle orientation post-emergence. Although two species of freshwater
turtle were used as test subjects, this study was critical in the development of knowledge about
sea turtle orientation and is therefore important to note. This negative movement from dark
regions was hypothesized based on field observations, where hatchlings would initially move
away from darker masses when water was not even visible, and maze experiments, where
hatchlings showed patterns suggesting stronger reactions to move away from the dark forest
versus moving toward an artificial light source. Upon conclusion, it was suggested that there are
clear variations in mechanisms used for orientation in turtles and these cues would need more
extensive research (Anderson, 1958).
Complexities behind cue usage were again addressed by Carr (1962), the first on many
beach orientation-focused studies by the father of sea turtle biology, Archie Carr. Carr (1962)
describes observations made during green hatchling ocean-finding behavior where hatchlings
constantly navigated around obstacles to reach the water, without necessarily having a direct
view of the water, and during day, night, and in inclement weather. Increased speed and accuracy
of movement was observed when waves were brighter from moonlight, but hatchlings still
generally reached the water successfully without the presence of light. Phototaxis being the lone
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mechanism behind this behavior was therefore argued against further supporting that marine
turtles use multiple sensory sources to dictate orientation (Carr, 1962). To further assess the
potential of multiple cue usage for both adult female and hatchling ocean-orienting behavior,
Ehrenfeld & Carr (1967) conducted multiple field experiments. Nesting females were found to
exhibit difficulty in orienting toward the water when vision was limited. Hatchling orientation
was assessed for the first time using circular arenas on the beach; a method that would become
frequently used for future orientation studies. Orientation score equations were developed using
linear seaward distance, time of test, and total path length to calculate overall performance. This
study demonstrated that tactical and olfactory cues could not be the sole sensory systems
controlling orientation. Concluding that visual cues (e.g. the surf, open horizon, dark landward
region, moonlight) must be a component, but not always the primary mechanism (Ehrenfeld &
Carr, 1967).
With visual cue usage now understood to be an important mechanism for orientation,
Mrosovsky & Carr (1967) began to explore preferences and behavioral influences of two major
components of light: wavelength and intensity. Based on observations of positive phototaxis
toward blue light from Hooker (1908) and using circular arenas similar to those mentioned in
Ehrenfeld & Carr (1967), field studies were conducted to test the impacts of these different light
variables. The authors found that C. mydas hatchlings preferred blue and green light (i.e. shorter
wavelengths) over red light (i.e. longer wavelengths) given the choices on the beach, with
preference in this situation referring to positive phototaxis exhibited by the hatchlings.
Furthermore, hatchlings tended to prefer light with a higher intensity. Wavelength preference
was not found to be just dependent on intensity, indicating that these variables are both important
in the visual perception of sea turtles. High intensity, short wavelength light preference may
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indicate that there is a higher value to this sensitivity ecologically. Although this study did not
define the specific peak wavelength response, Granda & Stirling (1965) had just found that peak
transmission was found in green light stimulus, and noted that, for freshwater turtles, 540-560
nanometers was considered peak for optic response. Visual receptors were also analyzed in this
study, finding that blue/green receptors were less frequent and high in sensitivity, while red were
more frequent and lower in sensitivity (Granda & Stirling, 1965). Weather, in addition to the
presence of a bright moon, was also questioned here as these experiments were performed on the
turtles’ natal beaches and the hatchlings were observed to be less influenced by the artificial
lights of the study on cloudless nights when the moon was visible (Mrosovsky & Carr, 1967).
Spectral sensitivity, its role in the taxis reaction, and how marine turtle’s sensory systems
process input and relay information resulting in the orientation behavior described in a previous
study Ehrenfeld & Carr (1967), was explored in Ehrenfeld (1968) working with adult female
C.mydas turtles in order to continue understanding this mechanism. Using the turtle’s rate of
progress along the seaward vector and degree of angle to which the animal’s path approximated
that vector, an orientation score was calculated to indicate sea-finding performance during her
movements while she was partially, or fully, blindfolded. Although blindfolded individuals were
still able to successfully reach the water, it was concluded that the sea-finding mechanism being
used by marine turtles is mostly tropotactic, requiring input received from both eyes to orient
most efficiently, but also myopic, displaying poor visual acuity in terrestrial habitats and only
capable of differentiating between light and dark. These findings were similar to how orientation
has been viewed in freshwater turtles, with the exception that marine turtles have far less visual
perceptive ability on land. Color perception was also addressed to discern if true color preference
is a major component of marine turtles’ sea-finding system. Using color filters placed over the
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adult turtle’s eyes in similar trials, multiple conclusions were made. First, low red-light
sensitivity was very evident and markedly less than the sensitivity of freshwater turtles, which is
an evolutionary adaptation due to the short-wavelength transmittance of salt water. Secondly,
light intensity discrimination is what drives sea-finding behavior rather than color (Ehrenfeld,
1968).
Questions raised in Mrosovsky & Carr (1967) and Ehrenfeld (1968) regarding the roles
of wavelength and intensity were further investigated when Mrosovsky & Shettleworth (1968)
studied the role that a heightened intensity plays in influencing how wavelength affects behavior
during sea-finding. Using a similar methodology to Mrosovsky & Carr (1967), but in a
laboratory setting to control influence from weather conditions, a preference for short
wavelengths was again supported (Mrosovsky & Shettleworth, 1968). Short-wavelength lights
were preferred even with significantly less intensity, although these preferences were still partly
controlled by intensity and red light could be more influential with an extremely high intensity
relative to the blue choice. Additionally, Mrosovsky & Shettleworth (1968) concluded that
marine turtles, C. mydas, have a tropotactic reaction to light, confirming Ehrenfeld (1968)
findings, and added that balancing brightness (i.e. a measure of intensity that has spectral and
directional properties) cues from the open horizon in both eyes may be the underlying
mechanism for orientation. Lastly, this study addressed the combination of positive light and
negative dark responses, which has been previously postulated in both freshwater turtles
(Anderson, 1958) and marine turtles (Ehrenfeld & Carr, 1967) as a potential mechanism
explaining sea-finding behavior, and did not find evidence, using circular field arenas, that a
negative photo response component existed (Mrosovsky & Shettleworth, 1968).
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This was again tested in both C. mydas and L. olivacea hatchlings when Verheijen &
Wildschut (1973) conducted experiments using a new light field setup that analyzed direction of
angular light distribution in relation to hatchling movements. It was similarly determined that
hatchlings were moving in the brightest direction of angular light, and not, conversely, in the
opposite direction of the darkest region. It was also noted that these animals obtain information
on the brightest direction through processing photic stimuli effecting an input cone with a large
horizontal acceptance angle, making a light directional feature that should be considered when
evaluating impact (Verheijen & Wildschut, 1973).
By this time, the distribution of light (brightness) over a wide plane is considered the
main cue used by marine turtles for seaward orientation. Mrosovsky (1978) further investigated
this mechanism to explain how marine turtles integrate visual cues by exposing hatchling C.
mydas to flashes of light at different intervals. Brief illumination was not found to have
considerable influence on orientation suggesting that brightness information is integrated over
time and intermittent stimulation should not be a major factor. Furthermore, this indicated that
marine turtles are not highly impacted by brief bright stimuli such as lightning or changes in
brightness due to obstacles on the beach. Brightness cues must be somewhat permanent for
marine turtle’s sensory system to integrate and this integration takes wide spans of time with a
large field of view (Mrosovsky, 1978).
While research tended to focus on orientation towards the brightest point involving a
tropotactic system, van Rhijin (1979) instead looked at a directional system like Verheijen &
Wildschut (1973). Using a similar methodology to test angular light distribution with C. mydas
hatchling movements, van Rhijin (1979) conversely found that hatchling direction did not
significantly relate to the largest horizontal light vector and hatchlings purposefully blinded
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tended to move down sloped terrain. Information gathered in the study led to the conclusions that
sea-finding orientation cannot completely be explained by tropotactic mechanisms and that
marine turtles are likely using secondary cues within a multiple input system (van Rhijin, 1979).
Using a similar blindfold method, Mrosovosky & Shettleworth (1975) confirmed a similar
system for orientation in D. coriacea to C. mydas with the exception of some slower movements
recorded. These secondary cues were further explored in a follow-up study by van Rhijin & van
Gorkom (1983), who provided evidence of a secondary cue (e.g. coastal silhouette) use displayed
and described as dependent on specific environmental conditions.
The sea-finding behavior of hatchlings moving to the brightest area is now supported by
three models. Orientation involved, first, phototropotaxis (Ehrenfeld, 1968; Mrosovsky &
Shettleworth, 1968), second, a directional system (Verheijen & Wildschut, 1973; van Rhijin,
1979), and third, shape and size of light (Parker, 1922; van Rhijin, 1979). A possible fourth
model may be a combination of shape with the first two systems mentioned (van Rhijn & van
Gorkom, 1983). With the development of new technologies, Witherington & Bjorndal (1991b)
sought to further explain how light intensity and spectral properties influence sea-finding
behavior and distinguish the role of color that Mrosovsky & Carr (1967) and Mrosovsky &
Shettleworth (1968) had limited success conducting. A two-choice apparatus with light sources
ranging in spectral color was used to test the orientation of both C. caretta and C. mydas
hatchlings. Both species demonstrated a preference to ultraviolet (360nm), violet (400nm), and
blue-green light (500nm) over the standard yellow light (520nm), while the standard light was
only preferred given the choice over yellow-orange (600nm) and red lights (700nm).
Additionally, when varying intensities were introduced in similar trials, C. mydas hatchlings
were found to be more sensitive than C. caretta to intensity changes. Both species however
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eventually exhibited positive phototaxis to red light at an extremely high intensity highlighting
that there is no comprehensive bias towards light emitting long-wavelengths (Witherington &
Bjorndal, 1991b). However, other studies have shown that hatchlings were not impeded in
maintaining a seaward orientation when in the presence of red, long wavelength light outside of
extreme intensities (Dickerson & Nelson, 1988). In addition to wavelength and intensity,
different luminary types were also analyzed regarding their influence orientation, demonstrating
that low-pressure sodium vapor lights have minimal impact on hatchlings when located in the
foreground (Witherington & Bjorndal, 1991a) as well as on adult nesting females (Witherington,
1992), while mercury vapor light disrupted both nesting and hatchling turtles. These points
indicated that spectral preference within visual perception may differ between species of marine
turtle and different light fixture types may impact turtles uniquely (Witherington & Bjorndal,
1991a, 1991b).
Primary cues involved in orientation continue to be supported as a combination of visual
components, but the idea of secondary cues (e.g. beach slope [van Rhijin, 1979]) and dark
silhouettes [van Rhijin & van Gorkom, 1983]) has been less studied. Using C. caretta and C.
mydas hatchlings, Salmon et al. (1992) used circular arenas and cue manipulation to test which
cues were more dominantly used within both species. Overall, hatchlings responded more to all
stimuli (photic changes and dark silhouettes) presented at eye level in comparison to more
elevated cues and moved toward the most illuminated sections and away from a stimulated
elevated horizon. When photic cues were present, beach slope was ignored and hatchlings
actively crawled up the slope; however, when absent, hatchlings crawled down. This indicates
the use of beach slope as a secondary cue that may be used when primary cues are not available.
Additionally, when hatchlings were placed in an arena that contained multiple photic stimuli in
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different directions and a silhouette, hatchlings of both species consistently showed negative
movements from the darkened horizon. Based on these data, a dark silhouette seems to be a
prominent cue for marine turtle orientation that may be used when contradictory photic stimuli is
present. Photic stimuli, even on natural beaches with limited to no artificial lighting, can still be
irregular (i.e. lunar cycle, weather events, etc.) and a dark silhouette (e.g. dunes, dense
vegetation) is a generally more reliable and consistent presence (Salmon et al., 1992).
When this contrast between an open beach and a dark, elevated region is not present;
however, orientation may be impacted even in the absence of photic cues. Godfrey & Barreto
(1995) displayed that both D. coriacea and C. mydas hatchlings showed a significant decrease in
sea-finding ability and movement speed when emerging from heavily vegetated nest areas where
this contrast was not present compared to those emerging on an open beach. Additionally,
hatchlings crawled in the direction of the slope similar to the secondary cue use of C. caretta as
depicted in Salmon et al. (1992) in the absence of photic cues and around uniform vegetation
(Godfrey & Barreto, 1995).
Discerning the level of different cue uses, as well as further investigating the mechanistic
models describing hatchlings’ movement towards brightness, Salmon & Witherington (1995)
addressed the accuracy behind the now widely supported phototropotaxis model. Through this
experiment, which was performed on an urbanized beach in east Florida, C. caretta hatchling
movements were analyzed upon hatching and lunar cycle as well as orientation was noted.
Disrupted orientation mostly occurred on nights were the moon was not largely present, but the
presence of background illumination was the factor that aided in orientation correction, not direct
movement to the moon itself like previously thought. Hatchlings upon correction were observed
to them move towards the ocean, which was a dimmer horizon, and in the opposite direction of
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the region with higher light intensity. These data not only reject the positive phototaxis view, but
also support the idea that marine turtles are performing sea-finding behavior primarily by
moving away from dark silhouettes using both elevation and shape cues (van Rhijin, 1979) that
some background illumination may enhance (Salmon & Witherington, 1995).
Natural, dark silhouettes (e.g. dunes, vegetation) are now known to be important in
hatchling orientation during sea-finding behavior. However, with increased urbanization and
costal habitat degradation, urban silhouettes (e.g. buildings) have replaced previously natural
elevated foreground. Urban silhouettes have been shown to mimic the function of their natural
counterparts in previously discussed studies (van Rhijin & van Gorkom, 1983; Salmon et al.,
1992; Salmon & Witherington, 1995), and Salmon et al. (1995a) further explored how these
anthropogenic silhouettes may impact orientation. Using a laboratory arena stimulation, urban
silhouettes were not found to be successful cues, and hatchlings did not orient as accurately
compared to those using natural silhouettes. This indicated that both the horizontal length and
vertical outline of objects are being perceived by hatchlings, supporting that shape is a visual cue
used in sea-finding (Parker, 1922; van Rhijin, 1979) and urban silhouettes do not replace the
function of dune and vegetation (Salmon et al., 1995a). Moreover, in a similar study, hatchlings
exposed to high silhouettes were able to orient more accurately in comparison to those with low
silhouettes when artificial light was present, supporting that shape size can influence sea-finding
behavior (Tuxbury & Salmon, 2005). Adult nesting females also have shown preference for site
selection in front of tall buildings and areas in urban beaches with clumps of vegetation,
potentially due to the shielding from lights further landward in these areas (Salmon et al.,
1995b).
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In addition to the exploration of secondary cues, more research began focusing on the
physiological components of marine turtles’ visual sensitivity as technology advanced and the
need to understand the visual abilities of turtles became more severe. While work has been
conducted on understanding individual photoreceptors (Ehrenfeld & Carr, 1967; Witherington &
Bjorndal, 1991a), less was known about their photopic spectral sensitivity. Using rapid-flicker
electroretinography (ERG), a method for evaluating cone-receptor based sensitivity that accounts
for cone pigments and intraocular absorption and scattering, Levenson et al. (2004) analyzed C.
caretta and C. mydas vision. This study demonstrated a similar distribution of wavelength
responsiveness (440-700 nm) with peak sensitivity around 580 nm and largely declining around
500 nm. These findings support the idea that marine turtles have well-developed photopic visual
mechanisms that utilize multiple types of photopigments, potentially indicating a working
capacity for color discrimination (Levenson et al., 2004). Furthering this idea, differentiation of
color was eventually verified using colored objects associated with food that evoked positive
phototaxis. C. caretta were able discriminate colors to pick objects that were rewarded with less
trials needed to associate blue with food, potentially due to the color of their natural prey species
in shallow water (Young et al., 2012).
However, ERG data can only rely information regarding the sensitivity of the animal to a
certain wavelength and is not a direct indicator of attraction (Lohmann et al., 1997). While
Levenson et al (2004) reported a sharp decline in sensitivity for C. caretta to wavelengths below
440 nm, hatchlings were still found to orient toward near-ultraviolet radiation over green light
(Witherington & Bjorndal, 1991b). Brightness is a well-known cue for the visual mechanism
behind orientation, but Kawamura et al. (2009) displayed that perception of near-ultraviolet
wavelengths may be more important. Using circular arena and T-maze assays, C. caretta
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hatchlings tended to orient toward near-ultraviolet radiation, significantly avoiding yellow and
orange light. Measurements taken from darkened beaches with no significant level of light
pollution also showed that ultraviolet radiation is consistently higher seaward due to the higher
scatter coefficient of surface water for short wavelength light, suggesting that ultraviolet is a
natural cue for seaward orientation in marine turtles The question was also posed whether
hatchlings orient away from tall, dark silhouettes due to the shape (van Rijin, 1979; Tuxbury &
Salmon, 2005) or the influence of the object on near-ultraviolet direction (Kawamura et al.,
2009). Further supporting this result, Fritsches (2011) found that both Australian C. caretta and
N. depressus hatchlings were attracted to near-ultraviolet wavelengths. Interestingly, unlike C.
caretta hatchlings in Florida (Witherington & Bjorndal, 1991a, 1991b) and Japan (Kawamura et
al., 2009), Australian hatchlings did not show avoidance to yellow wavelengths and were
attracted to all lights with wavelengths between 365-600 nm, depending on intensity (Fritsches,
2012).
Visual mechanisms have been the focus of orientation research in marine turtles for
decades, but other vertebrates are known to use a combination of information from multiple
sensory systems for movement. Olfactory and magnetic cues are often complementary to visual
cues, leading to enhancements in orientation, but this has not been widely explored in marine
turtles. Fuentes-Farias et al. (2011) used hatchlings deprived of olfaction, with distorted
magnetic perception, and intact visual sensation to test if vision is not the only sensory system
being used for orientation and found that these hatchlings scattered and took less direct routes to
the water compared to hatchlings that still had olfactory and magnetic acuity. However,
blindfolded hatchlings with intact olfaction and magnetic senses misoriented more extremely.
While this study supported that visual cues are important for seaward orientation, it also
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indicated that marine turtle hatchlings are using a multisensory cue system (Fuentes-Farias et al.,
2011).
The mechanism(s) and various cues that are involved in sea-finding orientation have been
widely studied in a few species of marine turtle, with most studies using C. mydas or C. caretta.
In recent years, less studied species have begun to be assessed using similar trials and
parameters. Artificial light wavelength preference for D. coriacea was analyzed in order to
determine how different light colors influence hatchling orientation, finding that the turtles
experienced positive phototaxis toward blue, green, yellow and white light, and were least
influenced by orange lights. This also indicated that D. coriacea have similar sensitivity to other
marine turtle species, although they did not avoid yellow light like C. caretta in Florida and can
detect an expensive range of the light spectrum (Rivas et al., 2014). Additionally, N. depressus
were evaluated to determine if this extremely understudied species used horizon silhouettes for
orientation (van Rijin, 1979; van Rijin & van Gorkum, 1983; Witherington & Bjorndal, 1991b;
Salmon et al., 1992; Witherington, 1992) similar to other marine turtle species. Using three
different light intensities and types and two silhouettes (i.e. high dune or low creek elevation),
Pendoley & Kamrowski (2015) found that hatchlings had significantly less ocean-directed
orientation observed for all light types at medium and high intensities when provided with low
silhouettes compared to the high elevation horizon. Low intensity light, however, did not result
in any significant level of disorientation for either silhouette type. N. depressus displayed similar
cue usage, further supporting the function of intensity and silhouettes in sea-finding orientation
for all marine turtles (Pendoley & Kamrowski, 2015).
As technology continues to advance, novel measurement techniques will evolve.
Vandersteen et al. (2020) discussed an innovative new way to quantify marine turtle perception
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of brightness and the extent to which various factors can explain these intensity differences using
new sensory technology. By using this system to extract brightness measurements from imagery,
spatial and temporal variation in brightness was found to be 80% explained by environmental
factors (e.g. moonlight, weather), and anthropogenic light sources were more relevant to
intensity on moonless nights. Looking at nest densities, most variation found could be explained
by nighttime brightness, rock silhouette presence, and land cover, showing that most nests were
laid in regions with lower measured light pollution levels. This ground-based remote sensing
technology newly tested in this study was described to be more relevant to artificial light studies
were animals are being exposed and an ideal tool for continuing to grow understanding of
nighttime artificial light and its impact on the orientation of marine turtles (Vandersteen et al.,
2020).
To conclude, marine turtle hatchlings employ the use of multiple visual cues (e.g.
wavelength, intensity, background illumination, and dark silhouettes) to conduct sea-finding
behavior (Witherington & Bjorndal, 1991; Witherington, 1992; Godfrey & Barreto, 1995;
Salmon & Witherington, 1995; Tuxbury & Salmon, 2005; Karnad et al., 2009) and are most
perceptive towards high intensity, short wavelength light (Witherington, 1992; Karnad et al.,
2009). Differences exist in cue usage and to the extent that wavelength and intensity effect
orientation in both species and populations across geographic locations (Fritches, 2012). During
nesting and emergence activities, marine turtles use of natural visual and environmental cues can
be interrupted and manipulated by artificial lighting, resulting in lower sea-finding success and
implications for marine turtle population decline (Witherington et al., 1991b; Salmon et al.,
1995a,b; Kamrowski et al., 2015).
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1.2.5.2 In-water disorientation studies
Influences of artificial light on marine turtles located offshore are far less studied
compared to turtles onshore during reproductive processes. This is most likely due to the less
accessible nature of marine environment for locating and tracking animals, in addition to marine
offshore turtles generally being further removed from urban spaces and artificial light sources.
However, offshore environments are not immune to the impacts of artificial light and marine
turtles can still be susceptible to influence especially in nearshore waters.
One of the first studies to test artificial coastal night lighting impacts on marine turtles inwater, Witherington (1991) conducted experiments using C. caretta hatchlings swimming from
their natal beaches. Trials were performed at locations with and without artificial lighting and
hatchling movements were monitored during their swim. While orientation direction was not
significantly different between the lit and unlit beaches at the time of release, hatchlings
swimming from the lit beaches had large dispersal ranges and moved at a slower pace. During
this vulnerable time between emergence and reaching the Sargasso Sea, slower and less grouporiented travel, may lead to greater negative ecological consequences regarding survivorship.
This impact to offshore marine turtles should also be considered in conservation decisions
(Witherington, 1991).
Following the concern that hatchlings negatively impacted by artificial light while
orienting on the beach might display changes in behavior after entering the water (Witherington,
1991), Lorne & Salmon (2007) explored how well previously disoriented marine turtles (i.e.
observed to have landward-crawled) are able to orient using natural cues at sea. Timing of the
artificial light exposure made a significant difference in offshore orientation with hatchlings only
crawling landward for two minutes, orienting successfully while swimming given the presence
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of surface waves. However, hatchlings that crawled landward for two hours were not able to
successfully orient offshore in any trial. This indicated that, depending on the length of time and
severity of the disorientation hatchlings experience, orientation towards artificial light on land
can continue to compromise navigation once in the water (Lorne & Salmon, 2007). Hatchlings
may also successfully navigate offshore from dark beaches initially, but later become disoriented
when artificial lighting from nearby lit beaches comes into view as observed with E. imbricata
hatchlings orienting landward while swimming (Harwood & Horrocks, 2008). Furthermore,
exposure to artificial lighting potentially overrides sensory inputs from wave cues especially in
regions with low energy conditions (Lorne & Salmon, 2007; Harwood & Horrocks, 2008).
To continue examining effects to orientation during nearshore swimming, Thums et al.
(2016) conducted the first controlled, manipulative experiment to determine if marine turtle
hatchlings would be significantly affected by artificial lighting during this initial aquatic life
event. Small, passive acoustic transmitters (Thums et al., 2013) were used to track hatchling
movement during transit and 88% of C. mydas hatchlings oriented towards the light source if
exposed. This further illustrates the relevance of understanding light impact to offshore habitat,
especially given that the risk of predation is even greater in the water (Thums et al., 2016). In a
similar study, Truscott et al. (2017) monitored off-shore hatchling orientation disruption from
land-based light sources by marking and locating C. mydas hatchlings that returned to shore after
swimming off-shore. Disorientation rates were significantly higher on nights lacking moonlight,
indicating that onshore development can still have significant impact on orientation, even
directing hatchlings back to shore and limiting recruitment success (Truscott et al., 2017).
Off-shore studies have mostly been performed on site, focusing on effects from artificial
light currently existing near natal beaches. A controlled laboratory study was conducted to
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determine how wavelength and intensity of artificial light influence L. olivacea hatchling
orientation in-water. Hatchlings were able to orient correctly when no light, or low-intensity red
light was present, but positive phototaxis was observed when hatchlings were presented with
yellow light of at least moderate intensity and green light at a slightly lower intensity threshold.
Hatchling movement in this study supported Thums et al. (2016) and Truscott et al. (2017),
further enforcing that marine turtle hatchlings can still be impacted by artificial light during offshore swimming and added that similar preferences were found in comparison to land-based
orientation (Cruz et al., 2018).

1.2.5.3 Terrestrial disorientation studies
Disorientation of marine turtles caused by artificial lighting was first mentioned in
Mcfarlane (1963), where negative impacts to breeding success of C. caretta, including high
mortality rates, were described in relation to proximity of human civilizations. The main source
of artificial light listed were roadway lights near the beaches of southeast Florida and the
published note depicted an event where loggerhead hatchlings were observed orienting away
from the water upon emergence and crawling directly to the roadway landward of the nest even
though the water was substantially closer to the nest. It was also noted that, regions where
vegetation separated the beach from the road or had little artificial illumination present were
devoid of hatchling turtle carcasses (Mcfarlane, 1963). Other anecdotal accounts of
disorientation events caused by artificial lighting would follow. Philibosian (1976) described
multiple mortality events in E. imbricata hatchlings that were found on streets and actively
crawling through a lit baseball field located near their natal beach. Mortimer (1979) discussed
mortality events in which C. mydas hatchlings were trampled by people at beachfront resorts and
also found dead in firepits left unattended on the beach. These early reports highlighted a need
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for a larger focus on this increasing conservation concern for many species of marine turtle
worldwide.
Artificial lighting, and concern for the role it may play in the population decline of
marine turtles, was questioned by Witherington et al. (1990) who studied hatchling emergence
time and its relevance to coastal light restrictions. Timing of hatchling emergence for marine
turtles in popular east Florida beaches was found to peak at 2300-0000 hours, suggesting a strong
selection for nocturnal emergence and highlighting the need for dark beaches. The presence of
artificial light is known to disable hatchlings’ ability to conduct natural sea-finding behavior
given the critical and complex role that light plays in orientation (Mcfarlane, 1963; Witherington
et al., 1990). Conservation implications were discussed, specifically noting the importance of
beach lighting restrictions during all night hours to limit the high mortality of hatchlings (e.g.
exhaustion, desiccation, predation, and negative interactions with urban spaces [Witherington &
Bjorndal, 1991b]) that have been observed due to disorientation (Witherington et al., 1990).
As the understanding of the basic science underlying marine turtle orientation became
increasingly robust in the early 1990s, more studies began focusing on conservation-based
research. Witherington & Bjorndal (1991a) and Witherington (1992) began exploring how
different types of luminaries common in coastal light fixtures influenced the orientation of
hatchlings during sea-finding and adult nesting females. Regions with mercury vapor light
visible from the beach resulted in less females emerging from the ocean to nest overall and
caused some that did nest to disorient. Due to the nocturnal nesting habits of C. caretta and C.
mydas, this may indicate that artificially lit beaches may be perceived as daylight based on the
significant decrease in nest attempts (Witherington, 1992). Additionally, hatchlings were found
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to be impeded by all luminaries to some degree but were most effected by broad-spectrum white
lights and least effected by low-pressure sodium vapor lights (Witherington & Bjorndal, 1991a).
Looking to further quantify the impact of artificial lighting, more studies worldwide
began testing localized impacts of specific artificial light sources, measuring the impediment to
orientation that these sources caused. Peters & Verhoeven (1994) tested the extent that C.
caretta hatchlings were unable to successfully orient toward the ocean upon nest emergence on a
beach with extensive photopollution using a common arena method. Of the hatchlings studied,
63% disoriented to some extent and the majority were found to prefer the direction of greatest
light intensity. Additionally, it was noted that disorientations would still occur even when test
locations were over four kilometers from the nearest light source (Peters & Verhoeven, 1994).
While most research is conducted on highly urbanized beaches, artificial light can
originate from other sources, such as offshore oil and glass production facilities, and still impact
marine turtles emerging on natural beaches. Flares produced from these oil rigs were found to
disorient hatchlings located up to 400 meters away from the source on moonless nights, with less
impact when the moon was a larger presence, indicating a need for impact analysis for any
structure emitting light at night within at least a 400 m radius from nesting beaches (Pendoley,
1999). Another less addressed source of artificial light with the potential ability to impede
hatchling sea-finding behavior are lighthouses. These tall, bright structures often only have
flashes of light directed at the beach and flash patterns tested in lab experiments (Mrosovsky,
1978; Fritsches, 2012) have shown that these brief light exposures do not have a significant
impact on hatchling orientation. However, lighthouses have rarely been the focal source in a
study until Reintsma et al. (2014) compared hatchling sea-finding movements using on-site
arenas between nights where the lighthouse was either on or off. Orientation was not found to be
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impacted by the nearby lighthouse, supporting that transient cues are not as effective and that
these safety structures do not currently pose a problem for marine turtles if the light is not
permanently directed toward the nesting beach (Reintsma et al., 2014).
Within urban spaces, the need for understanding the most impactful forms of the artificial
lighting landscape became important as coastal development continued to increase. Streetlights
that line coastal roadways near the beaches have often been observed to be a major disruptive
source of light during nesting seasons (Sella et al., 2006) and embedded lights have been
discussed as a possible solution (Bertolotti & Salmon, 2005). Using circular arena assays,
hatchlings emerging in regions with embedded roadway lights, in addition to no roadway lights,
conducted sea-finding behavior successfully, whereas hatchlings exposed to normal poled
streetlights experienced disorientation. It was noted though that on overcast nights where
skyglow was more extremely reflected in cloud cover, hatchlings experienced weakened
orientation ability from indirect light. This indicated that even using light management solutions,
marine turtles may still be impacted (Bertolotti & Salmon, 2005).
During the last few decades, awareness of both remote marine turtle nesting rookeries
and the role light pollution plays in population decline has increased, which lead to expanded
studies and observational anecdotes detailing this impact for under researched species and
populations worldwide. North American marine turtle populations, specifically on the east coast
of Florida, were the first and most extensively studied regional group in the context of negative
orientation effects from artificial lighting. However, research in the past few decades has grown
to include populations of all marine turtle species from every continent, excluding Antarctica.
For the duration of this review section, these diverse studies detailing local artificial light
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impacts and observations, unique conservation concerns, and suggested management practices
will be discussed.
D. coriacea nesting populations were lesser known until the early 2000s and Deem et al.
(2007) described the robust nesting rookery located in Gabon. Artificial lighting was observed to
be impacting nesting adult females when new resorts were built nearby, and 71 disoriented
turtles were found roaming landward of the beach in an 80-day period. Of the 71, three adult D.
coriacea were found dead due to hyperthermia and dehydration directly related to not being able
to locate the ocean post-nesting (Deem et al., 2007). Hatchling impact for this population was
also later explored. While disorientation was observed, hatchlings orienting in areas with more
erosion (i.e. escarpments) and wooden logs tended to be more successful, potentially due to the
natural silhouettes counteractive effect on artificial lighting presence (Bourgeois et al., 2009).
Karnad et al. (2009) monitored an important mass nesting site in India for L. olivacea and
analyzed how artificial light had negatively affected hatchlings while also modeling future
impact. Hatchling disorientation was found to occur during mass hatching events especially
when exposed to short wavelength, high intensity artificial lights, and models predicted up to
approximately 50% of hatchlings misorienting or disorienting during sea-finding for future years
if no changes in species management are implemented (Karnad et al., 2009).
Further south, Berry et al. (2013) discussed the extent that artificial lighting impacted
Australian C. caretta hatchlings in the largest rookery for that species in the South Pacific. While
generally a dark beach region, streetlights nearby were noted to have recently been changed to
low pressure sodium-vapor bulbs and the only nearby urban infrastructure had also installed
similar fixtures. Data gathered from analyzing crawl tracks determined that hatchlings were able
to successfully orient at most sites and situations where disorientation were observed generally
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occured on nights where there was a noticeable lack of lunar illumination. Regardless of the
visible skyglow, it was not found to have negative impacts on most hatchlings studied (Berry et
al., 2013). Also, in Australia, Kamrowski et al. (2015) assessed if N. depressus, the least studied
species of marine turtle, populations on two remote island rookeries were experiencing any
negative impact from artificial light due to nearby industrial development. Sea-finding
performance of hatchlings located on the island closest and more directly angled to the industrial
park were disrupted significantly more, highlighting that lighting impacts should be monitored
even on remote beaches only exposed to skyglow (Kamrowski et al. 2015).
Brazilian beach habitats on South America’s eastern Atlantic coast have become
increasing developed, prompting inquiry about how artificial light may be impacting local
nesting populations of E. imbricata. Using circular arenas, E. imbricata hatchlings movements
were significantly different in illuminated versus non-illuminated trials. While findings were
consistent to many previous studies, this was the first time E. imbricata were identified as being
impacted by this pollutant type in Brazil. A need for a lighting ordinance and further research on
E. imbricata sensitivity and preference is evident while moving forward with the protection of
this population (Simões et al., 2017).
Mediterranean C. caretta populations within the main nesting rookery located in Greece
were recently studied to evaluate the impact of artificial lighting from tourism-based
development on this underrepresented nesting population. Looking at significant directionality
changes in hatchling movement patterns, analyses displayed that artificial lighting was having an
impact on hatchling sea-finding behavior, offering the first quantitative evidence for
Mediterranean populations. The percentage of hatchlings disoriented, in addition to extra time
spent orienting, was found to also potentially result in a population recruitment reduction of
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approximately seven percent, further highlighting the need for light pollution mitigation
measures for the protection of marine turtles (Dimitriadis et al., 2018).
Florida is the most studied location for artificial lighting research on marine turtles, but
the vast majority of these studies have been performed on the Atlantic Coast. Only a few studies
have explored this impact on Florida’s other coast. Presenting insight for Panhandle nesting C.
caretta populations, Price et al. (2018) analyzed how artificial lighting impacts nest site selection
and hatchling disorientation rates during a five-year time period on St. George Island. A negative
relationship was determined for nest density, displaying that there was significantly less nests
laid in the beach section with brightest beach illumination. Disorientation events were more
frequent in these more illuminated regions and distribution analyses indicated a spatially
clumped arrangement of disorientations and nest selection in relation to brightness. According to
Price et al. (2018), local conservation efforts and management strategies will benefit from
understanding the long-term spatial effects of light pollution.

1.2.6 Management practices
Regarding coastal management in a broader sense, certain tools like strategic planning,
guidelines for planning land use, transportation networks, water supply and treatment operations,
waste management and for large production centers, along with balancing the management of
biodiversity and ecosystems are essential (Barragan et al., 2015). A plethora of tools, strategies,
and long-term data collection have gone into the management plans that are currently or have
previously been implemented to aid in the conservation of marine turtles.
There was no general law in the U.S. to protect these threatened species until the
Endangered Species Prevention Act in 1966, which provided limited legal protection and the
ability to authorize land use for endangered species preservation. A few years later, the 1973
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Endangered Species Act (ESA), a legislation which provided an outline for the protection of
listed species, critical habitat, and guidance for recovery plans and trade restrictions, was created
by Congress to offer further protections and called for international cooperation. In practice,
however, the construction and execution of an effective species recovery and management plan
can be difficult as these threats are often multidimensional, habitats and impacts a challenge to
define, and continuous monitoring costly both monetarily and regarding time and available
resources (Brei et al., 2020). Using the same species management practice in different
geographical regions may also be difficult, as anthropogenic pressures and ecosystem
characteristics can greatly differ in severity and type even within local subsets. Brie et al. (2020)
used C. caretta and the role of coastal development on the decline of this species as an example
of a challenging species to manage and implement effective strategies. Population decline has
been directly related to artificial lighting, as urban, illuminated beaches in Florida have
significantly reduced nesting activity compared to darker beaches that had similar nesting
averages historically (Salmon et al., 1995a).
Numerous forms of management practices have been discussed and implemented with
varying degrees of success and continual use. First, given the use of low, dark silhouettes in
orientation, constructing light barriers (Salmon et al., 1995a) or planting vegetative barriers
(Karnad et al., 2009) near nests laid on urban beaches can limit the amount of artificial light
exposed and provide a dark background. Although these cannot shield all artificial illumination,
they do provide a dark silhouette to orient away from and may limit light from gaps between
buildings. However, this strategy does not address artificial light sources on tall buildings
directly on the beach, nor does it help with skyglow. Secondly, Salmon et al. (1995b) found that
adult female C. caretta tended to nest over a four-year period on areas of urban beach where tall
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vegetation was present. Re-establishing the natural dune habitats in urban beaches and planting
more native vegetation between the beach and buildings could aid in nest site selection and
hatchling disorientation through increasing contrast between artificial lighting and natural cues
(Salmon et al., 1995b; Tuxbury & Salmon, 2005). This strategy also has other benefits for the
improvement of coastal ecosystems and other organisms that reside there, but it can be a costly
approach that also does not guarantee complete protection from artificial lighting (Tuxbury &
Salmon, 2005). Thirdly, wire cages have been used on some beaches to protect eggs during
incubation and also direct hatchlings seaward after emergence by only having spacing for
hatchling release on the ocean-facing side (Adamany et al., 1997). While these were able to serve
the former function on dark beaches, it was discovered to have negative impacts to hatchlings on
illuminated beaches such as trapping hatchlings and impeding them to an extent that left them
more vulnerable to predators upon escape. Additionally, these cages did not help with
disorientation on beaches with extreme artificial light problems, as hatchlings simply turned
landward once leaving the cage and are also expensive and time-consuming to maintain. Cages
were concluded to not be a successful strategy and Adamany et al. (1997) recommended that
they only be used in combination with light-elimination efforts. Lastly, clutch relocation to
darker beaches for nests laid in extremely lit areas has also been conducted, however, this
technique is extremely labor intensive and must be done in a short window of time to avoid
movement-induced death of attached embryos (Berry et al., 2013).
These management strategies, although somewhat helpful in certain scenarios, are often
considered “half-way technology” because they work to treat the symptoms (i.e. hatchlings
crawling the wrong direction) instead of the root cause of the problem (i.e. artificial lighting)
(Frazer, 1992). Other examples of half-way technology for addressing sea turtle population loss
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include hatcheries and captive breeding programs. In addition to these programs often being high
in resource demand and very long-term, they also ignore the habitat degradation that directly
threaten these species and the continuous human intervention that would be needed to maintain
the current level of protection. In the context of hatchling and adult disorientation, the best
solution is to directly address the artificial light visible from the beach (Frazer, 1992).
Sharing the same viewpoint, Witherington (1992) discussed how the elimination of
beach-front lighting is the most impactful way to protect critical natal beaches and conserve sea
turtle populations. While this may be a near impossible undertaking on densely developed
beaches, certain lights, fixtures and design strategies can be implemented to balance both human
safety and sea turtle protection. Lights can, first, be turned off at night if not essential, minimized
regarding wattage to the lowest needed functional level, designed to be shielded from directly
shining on the beach, and placed low on the landscape. Examples of effective light management
include the use of low pressure sodium vapor or light-emitting diode (LED) lights that emit long
wavelengths (i.e. amber/red light), installed to be less perceptible to marine turtles, and all new
construction should include the most up to date night management technology (Frazer, 1992;
Witherington, 1992; Robertson et al., 2016). Interior building light exposure can also be limited
with the installation of window treatments (Swindell et al., 2019). Another strategy discussed
involves the implementation of a light exclusion zone between development and the nesting
habitat. This buffer would be effective if designed with at least 500 m of space for minimizing
light impact, however this strategy can only be used before development (Pendoley &
Kamrowski, 2016). Furthermore, multiple management solutions regarding streetlights have
been implemented with varying effectiveness. Applying specific wavelength-blocking filters on
pole lights, although a cost-effective method, do not largely limit hatchling disorientation (Sella
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et al., 2006). Embedded roadway lights, however, keep light low and shielded, avoiding light
scattering on nearby beaches and have been shown to be an effective replacement of pole lights
for both hatchling and human safety (Bertolotti & Salmon, 2005).
With the increase in understanding marine turtle sensitivity to various light
characteristics,” turtle-friendly” lighting has been promoted and is now manufactured. These
lights are often amber/red light LEDs and while these generally follow the guidelines for least
impactful lighting (Witherington et al., 2014), there is limited supportive evidence involving
these newly marketed light products. Using a circular arena, Robertson et al. (2016) found that
orientation in hatchlings was impacted by “turtle-friendly” lighting, especially during moonless
trials. While decreasing intensity did lessen the severity of the disorientation events, adding more
lights directly resulted in increased disruption. This may have large implications regarding the
management tools and light providers being used and suggests the need for constant evaluation
of new light products prior to implementation for conservation use (Robertson et al., 2016).
Education is another important tool when combatting beachfront light pollution.
Strategies such as the distribution of education material to hotels and tourist locations (Deem et
al., 2007), creation of voluntary educational programs for local business owner and city officials
(Limpus et al., 1981), and execution of long-term community outreach campaigns (Kamrowski
et al., 2014a) help both transient and local individuals understand how their human behavior can
interrupt or help local wildlife depending on the choices they make (e.g. turn off exterior lights,
close blinds, avoid using flashlights on beach, etc.). However, public outreach does not always
translate to behavioral engagement. Kamrowski et al. (2014b) distributed and analyzed a
community engagement questionnaire in an Australian beach community following an outreach
campaign. While that study found that the community exhibited high levels of knowledge and
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concern, much less active participation in upholding guidelines was demonstrated. Solutions to
further address skepticism and externalized responsibility in addition to more robust legislation
were offered (Kamrowski et al., 2014b). Similarly, in Florida, surveys found that an individual’s
geographical closeness to the beach and visitation rate were the best predictors for understanding
this conservation effort and importance of human behavior for its success (Swindell et al., 2019).
Focusing education efforts on increasing awareness of infrequent visitors and fostering a sense of
connection and willingness to help will aid in influencing needed behavioral changes in beachvisible property users (Swindell et al., 2019). Lastly, providing education on up-to-date research
and predictive analyses for the local ordinance officers, governments, and wildlife agencies that
comprise the network of lighting management, may be the most critical role of education.
Modeling, satellite imagery, and remote sensing techniques are also becoming critical
components of marine turtle management, and can offer insight on current trends, as well as
offer predictions for future marine turtle populations in relation to urban growth. Satellite
images, for example, were used along with nest density data to determine that night light was a
significant determinant of nest distribution (Mazor et al., 2013), which has implications for
prioritizing conservation efforts. Additionally, viewshed modeling (i.e. software that considers
the line of site of the subject [turtle]) was created to evaluate exterior light from zoning scenarios
and building types, producing light pollution maps that display how direct light reaching nesting
beaches varies greatly with the source building’s height and position. This type of model can be
a great resource for directing developers on light placement and restrictions, and is a free
software made accessible for anyone to use worldwide. This accessibility provides local
communities with science-based and tested tools that can be used to aid with decision making
regarding balancing natural ecosystems with human needs and empower local groups to take an
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active role in marine turtle management (Verutes et al., 2014). To assess existing lighting, and its
compliance with current regulations and local ordinances, satellite-based remote sensing has
been used in Florida to assess multiple light management related topics. These include showing
that beach-visible properties in counties with ordinances tended to be correctly following
guidelines (Anderson et al., 2013), one-third of Florida beaches showed increases in artificial
lighting, additionally correlating nest density to urban closeness (Weishampel et al., 2016), and
light significantly reduced marine turtle nest density, highlighting this pollutant type as a critical
biodiversity issue (Brei et al., 2016). Visible infrared imaging satellite sensors were further used
to assess differences between species nesting densities in Florida, and C. mydas, followed by C.
caretta, were found to be most impacted by light pollution (Hu et al., 2018). Using space-born
satellite sensors, however, potentially poses a problem as animals perceive light horizontally and
these previously studied sensors from space are recording upward-reflected light. Vandersteen et
al. (2020) discussed this limitation and offered a solution, ground-based remote sensing
technology, which can be used to measure brightness more effectively and accurately at night for
future light pollution evaluation (Vandersteen et al., 2020).
There is a need however to quantitatively assess the effectiveness of both current
management plans and the different types of light fixtures and other components of light
management. Studies analyzing hatchling responses to artificial light on small, local scales can
be a great indicator of what is currently needed regarding sea turtle conservation in specific areas
(Salmon & Witherington, 1995).
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1.2.7 Introduction to review analysis
1.2.7.1 Study Location
Published literature regarding marine turtle orientation and impact from artificial lighting
ranges widely in study location. Research on this topic has been conducted on marine turtle
populations residing in six continents, with the largest number have been performed in Florida,
United States. Including the earliest observational studies, 39.7% of all studies have been
performed in Florida, with 76% of these exclusively focusing on east Florida nesting
populations.
Understanding lighting impacts is especially important for Florida, as this location has
both high nesting density and extensive coastal development. This overlap of conditions, along
with available resources has likely led to the high number of studies and long-term monitoring
programs that are conducted in the state (Fuentes et al., 2016). Florida Index Beaches (i.e.
Florida Fish and Wildlife Research Institute [FWRI] coordinated survey areas for nest trend
monitoring programs) have been used to monitor loggerhead nesting across the state since 1979
to track population change. However, the index did not include Gulf Coast beaches until much
later in 1999 (Witherington et al., 2009). This large difference in collected data between the two
coasts of Florida is not surprising, as there have been far fewer studies and historical data
collected focusing on Gulf Coast C. caretta populations.

1.2.7.2 Regional distribution
All seven species of marine turtle have been represented in artificial lighting studies, but
to varying degrees. Most studies involved C. caretta (46.6%, N=X). C. caretta is the prevalent
species in the understudied region of Florida’s western Gulf Coast.
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1.2.8 Legislation, regulations, and ordinances
C. caretta were listed in 1978, with a current federal expenditure of $9.5 million
(USFWS 2015). This species is also protected within the State of Florida through the 1995
Florida Marine Turtle Protection Act (MTPA). Both the ESA and MTPA were established to
regulate and prohibit the take (i.e. harassment and harm) of these species, and, following a
confirmed ruling in 1998, take legally included impacts resulting from artificial light on natal
beaches during nesting season. To summarize, artificial might lighting on marine turtle nesting
habitat is considered a prohibited activity on both federal (ESA) and state (MTPA) levels (Brei et
al., 2020).
Furthermore, the Florida Department of Environmental Protection (DEP) and the Florida
Fish and Wildlife Conservation Commission (FWC) have also has created specific guidelines for
local government regulation specifically regarding artificial lighting in coastal regions. Through
the enaction of rule 62B-55 Florida Administrative Code (FAC), formal guidelines were set to
instruct local government that occupy regions of Florida that contain sea turtle nesting beach
habitat on beachfront lighting for the protection of hatchlings and nesting females. These
guidelines however are not a legal requirement and local governments can make their own
decision whether to integrate these into municipal law. Sea turtle friendly lighting practices are
therefore only regulated at county and/or municipality levels exclusively (Brei et al., 2020).
It is critical to note here when discussing the roles that different levels of government
play in regulating artificial lighting, that there is often little pressure on local governments to
make these changes. This has resulted in many, but not all, coastal Florida counties and
municipalities having some form of light ordinance, but these documents differ severely
regarding content and implementation tools and effectiveness (Barshel et al., 2014; Brei et al.,
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2020). Enforcement of these ordnances also varies markedly between counties and municipalities
hence communication and cooperation between the various levels of government and entities
involved in lighting management needs to be prioritized (Salmon, 2003). Legislation has even
been represented numerically to show that effective ordinances have resulted in a 34% nest
increase for those regions that have implemented those legal actions (Brie et al., 2020). Florida
coasts continue to be developed so it is more imperative than ever that the groups and individuals
making management decisions are equipped with the needed tools and the most accurate
information available (Claudio, 2009).

1.3 Scope of study & theoretical limitations
Every year, failure to orient to the sea as a result of artificial lighting leads to the death of
tens of thousands of marine turtle hatchlings in the state of Florida and worldwide (Witherington
et al., 2014). According to the U.S. Fish and Wildlife Service (USFWS), a federal agency that
has been collecting data on sea turtle disorientation events since 1987, disorientation prevalence
has remained constant. This leads to questioning how effective current local legislation and the
management practices being used on multiple government levels are at solving this complex
issue and thus aiding in the population recovery for loggerheads and the other species of marine
turtles that nest on Florida’s beaches (Brei et al., 2020). Sea turtle conservation efforts can be
found worldwide, and management of these species are extensive. Godley et al. (2012) considers
this point, highlighting that because of the structure and level of effort currently employed to
monitor sea turtle populations, it is now time to figure out what management strategies are
working and what areas need to be improved. Monitoring and evaluation is still lacking to
quantifiably determine how conservation efforts are translating into population and ecological
improvements as well as understanding their influence on human behavior in relation to species
53

and habitat recovery (Godley et al., 2012). Having this understanding regarding how human
actions locally influence biodiversity over time is considered a primary remaining goal for
conservation efforts and environmental economics (Polasky et al., 2005).
The present study evaluates data routinely gathered by local sea turtle conservation
groups in a Pinellas County, Florida for the purpose of better informing management on the
current role in which artificial light impacts loggerhead sea turtles in this area, and giving
direction for the allocation of limited time and resources. Understanding the extent at which
artificial lighting, and the types of development that contain these light sources, impacts
loggerhead sea turtle mortality and navigational ability is critical for guiding management
practices and informing the organizations, state, county, and municipal governments that are
involved in the conservation of this species (Godley et al., 2012; Fuentes et al., 2016). While this
study will focus on a single county, geographically unique environmental variables are known to
determine hatchling response to artificial lighting and conservation plans should be created
within a local context by having an understanding of these site-specific properties as well as an
accurate depiction of the current situation (Dimitriadis et al., 2018). Additionally, identifying key
geographically specific focal areas for directing light management is considered critical for the
survival of these beach-dependent species (Karnad et al., 2009).
It is important to note; however, that while using data routinely collected by most
permitted sea turtle conservation groups in Florida is beneficial (e.g. accessibility, availability of
historic datasets, manageable collection for future studies) there are also inherent biases. Survey
methods are often conducted by different entities, varying levels of detail, methodology,
available resources, and by many different individuals, so observational bias and error may be
present. This problem may be lessened in the future with more uniform reporting strategies,
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clearer rules, and more in-depth training for all data gatherers. For the present study, a large
sample size across multiple permit regions was used in congruence with the organization of these
data into a uniform spreadsheet for data analysis to lessen the potential for this bias.
Additionally, some survey years used in the present study experienced unique events and/or
situations that may have had an impact on the data gathered (e.g. hurricanes, red tide, beach
nourishment projects, COVID-19, etc.). The present study will account for these variations
among years by using a five-year timespan of data and performing some statistical calculations
where the year is incorporated into the analysis.

1.4 Objectives
The objectives of the present study were to:
(1) examine the impact artificial lighting has on sea-finding success of loggerhead hatchlings in
Pinellas County, Florida by evaluating hatchling disorientation events and mortality per year
based on the majority development type of each beach municipality over a five-year period
(2016-2020) using data collected from routinely submitted reports (FWC Marine Turtle
Disorientation Report and light surveys);
(2) construct a heatmap map to visually display the number of marine turtle disorientation events
and nearby properties based the number of causal report associations; and,
(3) determine the concentration of study location and species in all published literature on
marine turtle orientation and artificial light impact on biodiversity by performing a literature
review and a simple meta-analysis.
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1.5 Hypotheses
(1) Majority undeveloped beach municipalities in Pinellas County, Florida will have lower
amounts of reported disorientation events and hatchling mortality than developed
municipalities.
(2) Number of disorientation reports and recorded hatchling mortality will be higher in
municipalities with majority condo and hotel development in comparison to majority singlefamily home and duplex development.
(3) Hatchling mortality will be positively related to the number of disorientation events per year.
(4) Number of disorientation reports and recorded hatchling mortality will stay consistent over
the five-year time period (2016-2020).
(5) Larger concentrations of disorientation events will be geographically located near properties
with more reported lighting infractions (i.e. non-red filament, not shielded, or not low
mounted).
(6) Regarding Florida, there will significantly less studies located on the Gulf Coast in
comparison to the east coast, and globally, the largest concentration of studies will be
conducted in Florida.
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2. Methods
2.1 Study site
Data used in the present study were gathered from the nesting loggerhead population
located in Florida’s west coast north and mid-Pinellas county beaches. This ~42 km area of
nesting beach spans three barrier islands and includes the following municipalities (from north to
south): Dunedin, Clearwater, Belleair Beach, Belleair Shore, Indian Rocks Beach, Indian Shores,
Redington Shores, North Redington Beach, Redington Beach, Madeira Beach, and Treasure
Island (28.019343, -82.826632 (northern boundary)- 27.738684, -82.756459 (southern
boundary)). The Gulf Coast of Florida is considered understudied compared to other regions
within the state, and generally populations of the Florida peninsula stock are impacted by a
variety of anthropogenic influences (SWOT 2007). Within the central west subpopulation of
Florida loggerhead turtles, 87.5 % of nests were reported to be laid within one kilometer of a
residential house, with 81.6% of all marine turtle nests in the southwest United States sampled
found to be within one kilometer of 567 houses on average (Fuentes et al., 2016). This region
was chosen due to its affiliation with the Clearwater Marine Aquarium Sea Turtle Conservation
Program (CMA STCP) and Sand to Sea, Inc., the organizations that were permitted to perform
sea turtle nesting surveys for the north and mid-Pinellas county beaches during the study
duration, in addition to its need for improved artificial light management.
Pinellas County, located on the central western coast of Florida along the Gulf of Mexico,
provides habitat for a low-density population of nesting loggerhead sea turtles, with the
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occasional nesting Kemp’s ridley and green turtle. Due to the extremely low numbers of the
latter two species, the present study focused on loggerheads. Pinellas county does not have a
county-issued lighting ordinance, but 10 out of the 11 total municipalities (all except for Belleair
Shore) included in the present study have adopted a local lighting ordinance, supported by
documents that vary in both content and enforcement. Additionally, this coastal county is ranked
sixth for human population size and has the highest resident density in Florida. This high
permanent population density, in combination with the expansive beach-front tourism industry
that exists, reflects Pinellas County’s pervasive coastal urban land use (“Pinellas County
Statistics”).

2.2 Permits
All data were obtained from FWC and CMA STCP and originally collected by permitted
groups in Pinellas County (CMA STCP and Sand to Sea, Inc.) under the Marine Turtle Permit#
MTP-263 (north beaches) and MTP-013 (mid beaches), during the 2016-2020 nesting seasons.
The author was listed as an Authorized Personnel on at least one of these permits during the
seasons included in this study. Disorientation data collected from FWC Marine Turtle
Disorientation Reports were authorized via a consent permit issued by FWC (RP #906) in
accordance with State Statute.379.2431 (1), Florida Statutes, and Rule 68E-1, Florida
Administrative Code. The use of lighting data collected from biannual lighting surveys and
access to CMA STCP collected reports was approved by the CMA Research Committee.

2.3 Study duration
Data collected during five consecutive loggerhead nesting seasons (2016-2020) was
included in the present study. While disorientation data has been recorded during routine surveys
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in Pinellas County since the 1990s, other factors limited this study’s ability to use data collected
in years prior to 2016. First, light surveys were not conducted until 2016, so it could not be
determined if the distribution of beach-front property type per municipality had significantly
changed from what was reported in 2020 using these surveys as the main source of data.
Furthermore, before 2016, most nests were outfitted with a restraining cage (i.e. a mechanism
that eliminates hatchling’s ability to crawl far from the nest) which severely limited the number
of disorientation reports filed and altered the data that could be gathered. Using years that
pervasively used restraining cages as a management technique does not give an accurate
representation regarding the level of impact artificial lighting had on this population of
loggerhead sea turtles.

2.4 Data collection: reports & surveys
Sea turtle nest surveys for the north and mid Pinellas County beaches are conducted
annually from 15 April- 31 October. In addition to crawl data (i.e. nests and false crawls),
multiple FWC issued reports are used to relay information on anthropogenic impacts to marine
turtles (e.g. obstruction from human-placed objects, disorientation from artificial lighting) during
the nesting and hatching processes. These reports are widely used by most marine turtle
permitted group in Florida, and FWC compiles the information gathered using an online database
(i.e. Survey123). Additionally, data from light surveys performed by CMA STCP and Sand to
Sea, Inc. during the nesting season will be included in the analyses.
The FWC Marine Turtle Disorientation Report is used to record data from all observed
nesting adult female and hatchling disorientation events (i.e. an event where the animal is not
able to correctly orient toward and locate the ocean). For hatchling events, reports are only used
when the event consists of at least two individuals, and the crawl angle from the direct path must
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be at least 45 degrees. Adult events are reported when indirect crawling is observed on the crawl
returning to the sea and therefore cannot be considered nest-finding behavior. One documented
event consists of an adult crawl or two or more hatchlings disoriented on a single date, therefore
one nest may have multiple disorientation reports associated with it if disorientations were
observed over subsequent days. Data for the reports are generally gathered during routine
morning surveys and adult/hatchling crawl tracks are measured and used to evaluate the
disorientation event and to estimate cause. While crawl measuring is not university done when
conducting a disorientation write-up, this permitted region does. Turtles, normally hatchlings, are
also located and recorded as light-related mortalities if found deceased out of habitat (i.e. not
found on the beach [e.g. parking lot, roadway, pool, etc.]). Mortality does not include any turtle
tracks that disappear, and are likely presumed dead, or deceased hatchlings that were reported to
personnel by beachgoers but were not able to be located by the permitted group. All deceased
hatchlings found in these circumstances were recorded, collected, and subsequently labeled and
stored as requested by FWC. The following data was gathered from these reports during the
2016-2020 nesting seasons: year, date, event type (i.e. hatchling or adult), municipality, nest
address and Global Positioning System (GPS) coordinates, and mortality.
Light surveys, which contain beach-visible lighting source information, are conducted in
May and July during each nesting season by either permitted nest monitoring groups, county
agencies, or municipal ordinance officers. In this survey area, thorough surveys are conducted by
Authorized Personnel at night during both months and relays this information to Pinellas County
Environmental Management. The county then compiles data on the light infractions recorded for
properties that have artificial light sources visible from the beach and issues educational
reminders to both the municipality ordinance officers and the property owners. The following
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data will be collected from the July 2020 light survey: year, municipality, property address,
development level (i.e. developed, undeveloped), and development type (i.e. none, single-family
home (SFH)/Duplex, condo/hotel, business). The July 2020 light survey was chosen for the
present study because it is the most recent depiction of current property distributions among
municipalities which coincided with emerging hatchlings. As hatchling disorientations account
for the majority of reports, it is important that data from light surveys correspond to the time of
year where these events are mostly likely to occur to account for potential variability regarding
artificial light present (e.g. increased tourism, hurricane season) between early (May) and mid
(July) nesting season.

2.5 Statistical analyses
2.5.1 Reports
Within the continuum of beach disturbance, somewhat pristine, undeveloped beaches
occupy one endpoint, while heavily developed beaches with consistent habitat alteration occupy
the other (Marshall et al. 2014). The beaches in this study were characterized by adapting the
framework described in Marshall et al. (2014). Undeveloped (i.e. undeveloped to relatively
undeveloped beaches) are beach municipalities that have a predominantly healthy, functional
ecosystem with no type of beach nourishment project occurring within the last 10 years. For the
present study, beaches in this category also did not have any human-constructed structures
landward of the beach. Developed beaches can potentially have some preserved or functional
habitat available and are characterized by nourishment projects occurring within the last 10
years, the presence of human-constructed structures directly landward of the beach and/or the
high likelihood that the altered beach habitat would not recover quickly without human
intervention. These municipalities were also characterized by the presence of continuous beach
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cleaning services and seawalls/other engineered erosion-control structures, and the absence of
dune systems and wide berms.
Two main data types were used as indicators of artificial lighting on loggerhead turtles:
number of disorientation reports filed for each municipality per year and turtle mortality. The
former data represents a single disorientation event unique to the nest and day while the latter
data represents the number of deceased turtles that were located by permitted personnel.
Predominant property type for each municipality included in this study were determined
by sorting all property addresses listed in the July 2020 light survey (i.e. properties that have had
a recorded beach-visible light infraction during the last five years) by property type, and
calculated which type are listed most frequently. JMP Pro 15.0 was used to perform all statistical
analyses. To test for significance between municipality’s majority development type and
artificial light impact on loggerhead turtles, using the number of filed reports and mortality as
indicators of impact, Wilcoxon-Kruskal-Wallis one-way analysis of variance tests were
performed. Wilcoxon-Kruskal-Wallis tests were then used to determine if the number of
disorientation reports and loggerhead mortality differed significantly between year (2016-2020).
This demonstrated any changes in artificial lighting impact over the five-year period.
Additionally, a Chi-squared test was used to make pairwise comparisons between condo/hotel
and single-family home/duplex majority (i.e. predominant) property types for both disorientation
reports and mortality events.
Proportion of property types within each municipality as a predictor of both numbers of
disorientation reports filed and mortality was tested using a quadratic regression analysis. While
property designations included condo/hotel, business, single-family home/duplex, park, parking
lot, and no development, only the three most prevalent types (i.e. condo/hotel, single-family
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home/duplex, and business) were evaluated due to the minimal presence of the latter four types
recorded on disorientation reports. Condo and hotel property types were combined for the
purpose of this study due to the similar structure size and usage, in addition to the common
transient nature of the occupants. This property category was also supported by how FWC
categorizes hotels as condos on state reports. A quadratic regression was also used to analyze the
number of disorientation reports to serve as a predictor for turtle mortality. To incorporate the
role of municipal beach length on number of disorientation reports, a multifactor model was
produced.
Lastly, to assess the number of disorientation reports and mortality events associated with
property type without the role of year and municipality, report and mortality numbers were
totaled across all years and beaches. Each property type was then ranked by number of reports
and associated mortality events by sorting reports based on the type of property directly seaward
of the nest location listed on the report. A table was created to display the percent distribution
and totals for reports and mortality events by property type.

2.5.2 Heatmap
To design an accessible conservation tool for use by municipalities and permitted
organizations, ArcGIS 10.8 software was used to construct heatmap maps based on similar
framework provided by Pinellas County Environmental Management. Addresses obtained from
disorientation reports submitted in the 2016-2020 nesting seasons in the north and mid regions of
Pinellas County, Florida were first compiled into a Microsoft Excel spreadsheet and the number
of times each address appeared in the addresses disoriented towards report section were
recorded. These values were used as the hotspot base layer. Secondly, a layer containing GPS
coordinates for all adult and hatchling loggerhead disorientation reports was developed. To
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create the maps, first a converted .csv file containing the GPS layer was added to ArcGIS, using
X, Y coordinates to plot the layer. A satellite base layer was then used to show the study beaches
and nearby properties, with a combined parcel map layer obtained from Pinellas County that
adds an outline for all addresses in the study region. The address count layer was then added via
the same CSV compatible file type, using the editing feature to create an address table to correct
any address errors in the parcel. A second column was then added in the table to depict the
number of times that address appeared in the disorientation reports. This produced markers on
the map at the corresponding address, with concentration being represented by red color severity.
The map isolates and displays individual beaches and years across the five-year study period
(2016-2020).

2.5.3 Literature review
Consistent combinations of search words and databases were used to compile studies for
the review of orientation and artificial lighting impact on marine turtles. The first search terms
used were “sea turtle, lighting” with the search engine Google scholar through the University of
South Florida library system. Secondly, the terms “sea turtle, orientation” were investigated, and
only novel studies (i.e. relevant literature not gathered from the first search) were included.
Thirdly, the terms “turtle, lighting” and “turtle, orientation” were used to not limit the search to
marine turtle specific studies. All referenced studies relevant to the review topic that were cited
in literature gathered from the initial search were also included. A map was additionally be
constructed to visually demonstrate study distribution.
Along with the exhaustive review of previous research conducted on sea turtle orientation
and artificial light impact, the distribution of studies performed across geographic region and
species used was analyzed. Studies were grouped into regions based on country/state proximity
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to continents, countries, or bodies of water. Sub-regions (country or Florida coasts) were also
included to further display the representation of research conducted on this topic globally.
Percent of total studies for each region were calculated. The distribution of marine turtle species
studied within the reviewed literature was calculated as a percent of total studies. Freshwater
turtle studies were also included, but individual species were not distinguished. If no species was
mentioned specifically, the term “not applicable” was used. Notably, many publications included
multiple species of marine turtle within one study. In this situation, each species as counted
independently.
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3. Results
3.1 Report analyses
During the 2016-2020 loggerhead nesting seasons across eleven municipalities in north
and mid permitted regions of Pinellas County, Florida, 540 total sea turtle disorientation events
were reported (Table 1). The number of disorientation reports did not differ significantly by year
(Fig. 1a; Wilcoxon-Kruskal-Wallis: χ2 = 3.43; p < 0.487), but condo/hotel and single-family
home/duplex property types were both characterized by significantly higher numbers of
disorientation reports than undeveloped regions (Fig. 1b; Wilcoxon-Kruskal-Wallis: χ2 = 7.69; p
< 0.02). Similarly, the number of mortalities did not differ significantly by year (Fig. 1c;
Wilcoxon-Kruskal-Wallis: χ2 = 2.31; p < 0.678), but condo/hotel and single-family home/duplex
property types were again both characterized by significantly higher numbers of mortality events
in comparison to undeveloped regions (Fig. 1d; Wilcoxon-Kruskal-Wallis: χ2 = 7.92; p < 0.02).
Additionally, the number of disorientation reports (Fig. 8a; Chi Square approximation: χ2 = 1.30;
p = 0.255) and mortality events (Fig. 8b; Chi Square approximation: χ2 = 0.08; p = 0.773) did not
differ significantly based on a pairwise comparison between condo/hotel and single-family
home/duplex majority development types.
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Figure: 1. Disorientation reports and mortality events of loggerhead turtles, (a) number of
disorientation reports by year, (b) number of disorientation reports by majority development
type, (c) number of mortalities by year, and (d) number of mortalities by majority development
type.
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Now using proportion of property types to represent beach development, the number of
disorientation reports were significantly correlated with the percent condo/hotels (Fig. 2a;
regression: R2= 0.41; p < 0.0001), businesses (Fig. 2b; regression: R2= 0.34; p < 0.0001), and
residential dwellings visible from the beach (Fig. 2c; regression: R2= 0.38; p < 0.0213).
Additionally, mortality was significantly correlated with the % of condos/hotels (Fig. 3a;
regression: R2= 0.19; p < 0.0043), businesses (Fig. 3b; regression: R2= 0.12; p < 0.0016), and
residential dwellings visible from the beach (Fig. 3c; regression: R2= 0.17; p < 0.0077).
Mortality was further found to be significantly correlated with number of disorientation reports
(Fig.4: Regression: R2= 0.39; p < 0.0001).

Figure 2. Number of disorientation events reported as a function of percent (a) condo/hotel, (b)
business, and (c) single-family home/duplex beach visible property type as recorded in the 2020
light surveys reported to Pinellas County Environmental Management.
.
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Figure 3. Marine turtle mortality as a function of percent condo/hotel, business, and singlefamily home as recorded in the 2020 light surveys reported to Pinellas County Environmental
Management.

Figure 4. Marine turtle mortality as a function of disorientation report count as recorded in FWC
disorientation reports through the 2016-2020 seasons.
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Beach length and the proportion of business properties were significant predictors for the
number of disorientation reports filed (Multifactor model: F= 65.30; p < 0.0001). Beach length
accounted for 87.6% of variation in the number of disorientation reports (Figure 5a), while
businesses accounted for 11.7% of variation (Figure 5b).

Figure 5. Comparison of (a) beach length (km) and (b) property type proportions as a predictor
of disorientation events.

Table 1. Total and percentages of disorientation events and marine turtle mortality reported by
property type associated with the nest address for the 2016-2020 nesting seasons.
Property type

SFH/ Duplex
Condo/ Hotel
Business
Parking Lot
Park
None
Total

Total
disorientation
reports
165
336
9
5
14
11
540

Percent
of
disorientation
reports
30.6%
62.2%
1.7%
0.9%
2.6%
2.0%
100%

Total mortality

Percent of
mortality

164
462
6
4
28
1
666

24.7%
69.5%
0.9%
0.6%
4.2%
1.5%
100%
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3.2 Heatmap analyses
Clearwater in 2020 was used as an example location and time to display both report
location and concentration of reports associated with beach-visible property (Figure 6). Property
inclusion number refers to the of times the related property appeared on a disorientation report as
a likely cause, with yellow circular markers indicating the lowest (1 report), and dark red
representing the highest (6-7 reports). The color range (yellow-dark red) displays the
intermediate variation of numbers of reports included. Additionally, Belleair Shore in 2020 was
used to display a predominantly single-family home/duplex municipality using the same visual
indicators (Figure 7).
3.3 Review analyses
3.3.1 Geographic location
The 73 relevant studies gathered in this review were distributed regarding location across
six continents and 14 countries. The majority of studies were performed in Florida, USA,
accounting for 39.7% of the literature. Within the studies conducted in Florida, the east coast was
exclusively represented in 79% of studies, with .03% of studies exclusively located in the
Panhandle and 0% of studies exclusively located in the western Gulf Coast. After Florida, the
Australian region held the next largest amount of studies (17.8%), followed by Central America
(12.3%), Asia (5.5%), Caribbean, Mediterranean, South American, and USA (excluding Florida)
regions (each with 4.1%), and Africa (2.7%). Additionally, 5.5% of studies did not have a
specifically designated study location or marine turtle population analyzed (Table 2). Figure 8
demonstrates these proportions of studies, including regions and sub-regions.

71

Figure 6. Heatmap example for Clearwater representing 2020 nesting season disorientation
event nest location (blue makers) and property inclusion number.
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Figure 7. Heatmap example for Belleair Shore representing the 2020 nesting season.
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Table 2. Location breakdown of published literature on orientation and artificial light influence
of marine turtles.
Region

Sub-region

Number of
studies per
sub-region

Number of studies
per region

Percent of
total
studies

2

2.7%

4

5.5%

13
3

17.8%
4.1%

9

12.3%

3

4.1%

3

4.1%

29

39.7%

United States (other)
No Location

3
4

4.1%
5.5%

Total Studies

73

Africa
Gabon

2

Asia
India
Japan
Malaysia

1
2
1

Australia
Caribbean
Barbados

1

Costa Rica
Mexico

7
2

Central America

Mediterranean
Israel
Greece
Turkey

1
1
1

Brazil
Suriname

1
2

South America

United States (Florida)
East
Panhandle
West

22
1
0
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Figure 8. Geographic location of orientation and artificial light (published) studies, worldwide.
Size and color of circles indicate the relative proportion of studies in that region.
3.3.2 Species
All seven currently recognized marine turtle species were represented across the 73
publications. Loggerheads were the most prevalent species studied, with 46.6% of publications.
Green (31.5%) and leatherback (16.0%) turtles were the next most common species studied and
these top three species were represented in 12-34 of the 73 publications. Lastly, 1-5 studies
characterized the least represented species: flatback (6.8%), hawksbill (4.1%), olive ridley
(4.1%), and Kemp’s ridley (1.4%). Additionally, 4.1% of studies also included freshwater turtle
species and 11% did not disclose a specific turtle species (Figure 9).
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Figure 9. A comparison of the number of species included in the review of marine turtle
orientation and lighting impact studies.
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4. Discussion
Marine turtle orientation, and the subsequent effect of artificial lighting, has been studied
in detail on the east coast of Florida, USA, with this location being used in the earliest literature
(Hooker, 1908, 1911; Park, 1922; Daniel & Smith, 1947) through some of the most recent
(Young & Salmon, 2012; Reintsma et al., 2014). While the Florida Panhandle has been
minimally discussed in publications (Price et al., 2018), the present study is the first to evaluate
the impact of artificial lighting on the survivorship of any marine turtle species on the Gulf Coast
of Florida. This coast may have significantly lower numbers of nesting loggerheads compared to
the east coast, but these western Florida turtles are still a critical component of the genetically
distinct peninsular Florida subpopulation of the Northwest Atlantic (Ceriani & Meylan , 2017;
Ceriani 2021). Conserving these smaller, distinct, populations is key to the preservation of this
species and its ability to adapt to environmental change; an increasingly important trait in the
wake of continuous coastal urbanization (Hutchinson & Dutton, 2007).
The present study explored novel ways to (1) evaluate local light impact by assessing
different methods for highlighting the most at risk regions and properties, and (2) to create
accessible management tools for the improvement of conservation efforts for loggerheads
nesting and hatching on the Gulf Coast beaches of Pinellas County. Multiple property-related
factors were discovered to be indicators of increased impact from light within municipalities,
including homogenous distributions of hotel/condo and single-family home/duplex properties
and percent total of business developments visible from the beach. Beach length was also found
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to be an important component for predicting the number of disorientation reports filed per
municipality and condo/hotel properties were the most common associated property type for
nests with reported disorientations. Lastly, heatmaps produced using ArcGIS were able to sort
and display individual properties based on an indicator of impact severity.
Being the first to utilize data from the FWC Marine Turtle Disorientation Report and
biannual light surveys to quantify impacts of artificial lighting on orientation in sea turtles in this
area, the present study aims to show how these data can be used to directly inform loggerhead
conservation efforts. While these reports are used by FWC permitted marine turtle monitoring
groups in Florida, little published analyses have been conducted using data routinely collected in
these reports. Due to the consistent and widespread use of these reports, there is considerable
potential for long-term monitoring and management tool construction across levels of marine
turtle management involved in the regulation of artificial lighting. The results of the present
study highlight the possibilities of using these reports for the further understanding the extent to
which artificial lighting is influencing marine turtle populations and the effectiveness of
management tools created using data from these reports.
4.1 Reports
The number of disorientation events, represented by report count and loggerhead
hatchling deaths, represented by mortality, varied among years (2016-2020). But these
differences were not found to be significant, thus supporting the hypothesis that these light
impact proxies would not differ by year (Fig.1a, c). The 2019 season had the largest number of
reports within one municipality (44 events in Clearwater), and overall, across all eleven beaches
included in this study (152 events). However, the 2018 season had the highest average number of
reports (12.2 events) across municipalities. Mortality did not follow a similar pattern, with the
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2017 season displaying the highest average and single municipality total (98 deceased hatchlings
reported in Clearwater). This outlier in municipal mortality for the 2017 season however was
caused by a few mass causalities (i.e. in both scenarios, large numbers of hatchlings were
runover by vehicles after disorienting and crawling onto a major roadway) located near the same
property in Clearwater, with a similar situation having occurred in the 2018 season on Madeira
Beach. While other environmental and anthropogenic variables may be influencing this slight
variation over this five-year period, this also importantly indicates that there was a statistically
insignificant change in report numbers and mortalities over time. Using report number and
mortality as a proxy for artificial light impact on the loggerhead population in this region, it is
clear that this problem has not been successfully addressed in north and mid Pinellas County, and
further conservation efforts are needed.
It is evident that the number of mortality events and the number of disorientations is both
higher in condo/hotel and single-family home/duplex compared to majority undeveloped
municipalities.This was expected, as only one municipality is designated as majority
undeveloped (Dunedin), and the lack of human infrastructure present was predicted to result in
less reports and mortalities. However, it is notable that eight disorientation reports were filed for
Dunedin during the study period, with skyglow being the main causal light source listed,
indicating that loggerhead hatchlings do still experience some level of impact from light
pollution even if no direct sources from beachfront properties are present. Furthermore, majority
condo/hotel and single-family home/duplex municipalities did not differ significantly from one
another, showing similar averages and ranges of report number and mortality. These findings did
not support the hypothesis, that municipalities these two majority property types would differ
significantly by the proxy measurements, and suggests instead that artificial light impact is
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similar across beaches that contain mostly condo and hotel infrastructures and beaches with more
prevalent independently owned structures. While unexpected, as beaches with larger/higher
buildings and more transient residents were predicted to result in more disorientation events and
higher mortality, this lack of difference may be due to many municipalities having a combination
of property types with only slight differences in their percentages. Treasure Island is an example
of this nearly even percent distribution, containing 42.6% condo/hotel and 49.6% single-family
home/duplex beach visible property. Single-family homes may be more prevalent, but only by a
small percentage, and condo/hotels may still play a large role in causing disorientation events.
To address the issue around using majority property type to represent these categories in
relation to impact, the proportions of the three most prevalent property types existing within each
municipality (i.e. condo/hotel, business, single-family home/duplex) were additionally calculated
to analyze the extent at which these property types are responsible for variation in disorientation
events and mortality. Variation in reports was explained by the three property type proportions at
varying levels with the percentage of condos/hotels explaining 41%, single-family
home/duplexes explaining 38%, and businesses explaining 34%. Mortality followed a similar
trend, Condos/hotels explained 19% of variation in deceased turtles reported while single-family
homes/duplexes explained 17% and businesses explained 12%. While the proportion of
condos/hotels may explain the largest percentage of variation in reports and mortality, all
property types were found to be significantly correlated to some extent with these two variables.
Additionally, it is important to note that municipalities with less homogenous property
distribution (i.e. percentages of major property types closer to 50%) were found to have more
reported disorientation events and mortality. Conversely, municipalities with lower proportions
of condos/hotels and single-family homes/duplexes tended to have less mortality events and
80

disorientation reports filed. This could possibly be explained by the idea that municipalities with
a mix of private homes, condos/hotels, and businesses tend to be more established and tourismbased (i.e. Clearwater and Treasure Island). These municipalities have an increase in number of
older buildings constructed before more restrictive lighting regulations were codified
(Witherington et al., 2014). In addition to the presence of larger flow of non-local individuals
who generally have less awareness regarding threats to sea turtles (Swindell et al., 2019). Further
research would be needed to associate cause to a specific factor. Furthermore, the proportion of
businesses was found to positively correlate with number of disorientation reports and mortality,
with more reports and deceased turtles found in municipalities with more businesses visible from
the beach. Light sources associated with businesses tend to be more consistently illuminated, in
comparison to the two residential property types, which may have led to the positive correlation
found between the light impact proxies and business portion. While these findings again did not
support the hypothesis, as was originally predicted that municipalities with larger amounts of
beach visible condos/hotels would also have more reports and higher mortality, they do highlight
useful trends and potential regional indicators for assessing lighting impact from a management
perspective.
When discussing predictors for the number of disorientation reports filed per
municipality, it is also important to understand the role that beach length plays. The eleven
beaches included in this study range widely in length of beach habitat, from 0.7 km (Dunedin)
and 1.2 km (North Redington Beach) on the shorter end to 5.4 km (Treasure Island) and 8.0 km
(Clearwater) on the longer end. Including beach length as a predictor, it was determined that
beach length did account for the largest amount of variation in report numbers (Fig. 5), which is
expected given that more beach allows for more nesting and subsequently higher levels of
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disorientation reports if artificial lighting is also present. While beach length may influence
report numbers, this variable does not directly change the amount of visible lighting and cannot
be manipulated or changed to have any actual impact to the survivorship of the local loggerhead
population. It can be useful to note, however, that larger beaches, like Clearwater and Treasure
Island, have both more nesting habitat and larger amounts of reported disorientation events, and
therefore may require more educational efforts and a turtle-friendly light program when
conducting management on a county scale.
While property type proportions were not the largest predictor for disorientation reports,
understanding trends, especially with regard to the positive correlation discovered with
businesses and reports/mortality, can be useful for the allocation of resources (e.g. ordinance
officer time, educational programs and materials, money for turtle-friendly light outfitting, etc.)
within municipalities. Additionally, from a non-municipal perspective (i.e. city boundaries were
not included), it is noteworthy to mention that 62% of disorientation reports and 70% of
mortalities were from nests deposited near condos/hotels, followed by single-family
homes/duplexes with 31% and 25%, respectively. Not all disorientations are caused by the
building directly behind the nest location, so this does not necessarily mean that the vast majority
of disorientations and deaths were caused by condos/hotels, but this again is a potential predictor
for determining nests and regions that may be most vulnerable to these negative impacts.
Lastly, the hypothesis, that the number of disorientation events reported per municipality
and year would relate to artificial light-associated deaths in loggerheads, was supported by the
results of the present study, indicating that loggerhead casualties will increase as more
disorientation events continue to occur in Pinellas County. The trends and predictors found in
this study can be utilized by the county, municipalities, and marine turtle monitoring groups for
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the facilitation of inter-organization communication and management plan creation and
implementation.
4.2 Heatmap
Managing artificial lighting within the umbrella of marine turtle conservation is largely a
interdisciplinary problem, with scientists (e.g. non-profit, state, and federal), nest monitoring
volunteers, county environmental managers, non-profit charitable organization leaders (e.g. Sea
Turtle Conservancy), municipal commissioners, enforcement ordinance officers, all forming a
complex web of knowledge and purpose needed to combat it. However, there can be a
disconnect in the information relay necessary for management implementation. Having an
accessible and reliable way to relay current data through the use of heatmaps can help keep
ordinance officers up to date on the properties with the highest levels of light infractions and
associated loggerhead disorientation events, allowing them to make informed decisions on where
to concentrate their time and resources to have the greatest impact on limiting disorientation and
mortality. The present study displays heatmaps representing the 2020 season’s reported light
infractions and disorientation reports assigned to each property, where specific properties in the
north and mid Pinellas County regions can be visibly distinguished based on the previously
mentioned variables. Using Clearwater during the 2020 season, as an example, demonstrates the
distribution and concentrations of disorientation reports associated with that municipality’s beach
visible properties. Notably, focus can then be placed on properties with the highest likelihood of
causing disorientations, and current, relevant, data can be provided to support these management
decisions.
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4.3 Literature Review
Research effort on orientation and consequent disorientation from artificial light, based
on published studies, was heterogenous across the world. By isolating studies included in the
review based on the geographical region and species used in the experiment or study focus, this
study was able to not only display the distribution of publications across these parameters, and
highlight areas where more research is needed. Globally, this review indicated a need for a better
understanding on how artificial lighting may be impacting marine turtle populations in the
African, Asian, Caribbean, Mediterranean, and South American regions, of which each
accounted for less than six percent of studies on this topic. While some beaches in these
understudied regions may have less beachfront infrastructure and overall urbanization, that is not
the case for many beaches in these countries covered in this review, including Gabon (Bourgeois
et al., 2009), India (Karnad et al., 2009), Brazil (Simões et al., 2017), and Greece (Dimitriadis et
al., 2018). These studies similarly call for the need for more thorough, long-term research on
lighting impacts in the wake of increased development in addition to more robust legal protection
for marine turtles.
The lower proportions of research covering these regions should not be inferred to mean
that artificial lighting is less of a problem for their local marine turtle populations, just simply the
lack of studies does not mean these species are not being impacted. Kemp’s ridley turtles, for
example, were the least studied species, which is not surprising considering that they are the only
marine turtle that routinely nest during the day (Carr, 1963). While hatchlings still mainly
emerge at night and may be impacted, it is currently thought that most adults do not use light as a
visual cue because of the time of day, so they are potentially not ideal subjects for testing
nighttime visual cue usage (Mrsosovsky & Carr, 1967). Additionally, this species is considered
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the most critically endangered and have small, local nesting ranges (Bevan et al., 2016)
potentially limiting the historic use of these animals for research purposes. However, Fuentes et
al. (2016) mentions that the majority of Kemp’s ridley nesting beaches are not exposed to high
levels of development as they almost exclusively nest on federally protected land off the coast of
Texas, USA. For these reasons, the Kemp’s ridley may be the only species of marine turtle that is
both understudied, regarding the review topic, and not largely impacted by artificial lighting.
Nonetheless, this species nesting range is expanding (Bevan et al., 2016), along with human
populations, so exposure to lighting may increase in the future.
The next three least studied species were olive ridley, hawksbill, and flatback, which
almost all nest exclusively outside of Florida. The flatback was the fourth most studied species,
which was unexpected given this species small, exclusively Australian, nesting range with
minimal urban spaces nearby. This is most likely explained by the larger presence of
publications on orientation and lighting being in Australia, the second most prevalent region
studied. Furthermore, hawksbill (Liles et al., 2015; Simoes et al., 2017) and olive ridley’s
(Karnad et al., 2009; Verutes et al., 2017) highest-density nesting habitats are often in regions
most understudied (e.g. Caribbean, Central America, South America, and Asia), suggesting that
these trends are likely related.
The present review also highlighted that leatherback, green, and loggerheads are largely
the most prevalent species studied, with loggerheads being included in almost half of the
publications analyzed. Study location is likely related to these common species as Florida,
specifically the east coast, is a prominent nesting ground for all three, including one of the largest
in the world for loggerheads (Ceriani, 2017), and was geographically the epicenter for
orientation and lighting research. While Florida studies made up almost 40% of all publications
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included in the review, it is critical to note that the vast majority were either focused on the east
coast or were generalized to the whole state. Only one publication was located on the Gulf
Panhandle, and no studies were located on the western Gulf Coast. These findings support my
hypothesis that Florida will be the location for the majority of publications regarding the
orientation and artificial light impact on marine turtles, and less studies will be located on the
Gulf Coast compared to the other Florida regions. The importance of Florida’s east coast in
orientation research should not be overlooked or diminished as these beaches are home to the
both the first observations and some of the most important findings and now have many
municipalities that are great examples of how humans and marine turtles can cohabitate
successfully given detailed legislation, consistent ordinance implementation, and historic public
awareness (Bertolotti & Salmon, 2005; Witherington et al., 2014; Swindall et al., 2019).
However, this review demonstrates the need for more research conducted in underrepresented
regions, both worldwide, and in Florida.
4.4 Limitations
In addition to previously mentioned limitations regarding inconsistencies in personnel
and organizations conducting the data collection, other limitations may also exist in the present
study. While number of disorientation reports and turtle mortality did not vary significantly
across years, it is still important to note that there were unique environmental and anthropogenic
variables that existed among the years included in this study (2016-2020). During the 2016 and
2017 nesting seasons, some nests classified as most at risk for disorienting upon hatching were
outfitted with restraining cages (Adamany et al.,1997), a management technique that was
suspended due to direction from FWC post-2016 nesting season. Additionally, the 2018 nesting
season overlapped with a county-wide nourishment project that impacted a large portion of the
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beaches included in this study. Nourishment projects have been shown to impact loggerhead
nesting up to one year after the project, so 2018 and 2019 nest numbers and thus potentially
disorientation numbers, may have been influenced by this major habitat alteration (Rumbold et
al., 2001). Light from the nourishment equipment was listed on multiple reports in 2018 and may
have led to inflated occurrences of disorientation events.
Furthermore, the 2018 nesting season experienced an extreme red tide event that lasted
for a few months during the time nests were hatching in Pinellas County. While observations
suggested that hatchlings were not directly impacted by the protist bloom, the steep decrease in
tourism, therefore less occupation of beachfront properties, this area experienced could have
lessened the amount of light visible on the beach and potentially influenced the number of
disorientation events. Lastly, this five-year period experienced varying levels of tropical storm
activity, with some years experiencing more extreme weather events than others. Since cloud
cover has been shown to be a factor in hatchling orientation and sea-finding success (Bertolotti
& Salmon, 2005; Secondi et al. 2019), this environmental condition, in combination with the
potential loss of nests due erosion and inundation from strong weather, may be a factor in
showing that extreme weather events can influence the amount of disorientations recorded per
year. The presence of these variables among the years included in the study were considered, but
due to the lack of significant difference found between years regarding number of reports and
mortalities, it was concluded that these differences did not have a considerable impact on other
analyses performed.
4.5 Future Work
There is currently a crucial need for structured, continuous monitoring programs to
evaluate lighting impact for threatened populations of marine turtles worldwide with focus on
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understudied regions and species. Within Florida, local populations may benefit from more
monitoring of artificial lighting, especially in the Gulf Coast, using the data collected from FWC
Marine Turtle Disorientation Reports and light surveys. To increase accuracy of results, detail
and consistency in report writing need to be addressed, and further training is needed for all
personnel involved in collecting data for these reports. Some nearby municipalities in Pinellas
County were not able to be included in this study do to the large inconsistencies in how data was
reported so the implementation of more robust training programs would also allow for a larger
sample size in this area.
Additionally, considering environmental variables such as extreme weather events, cloud
cover, lunar cycles (Bertolotti & Salmon, 2005) and algal blooms, and anthropogenic variables
like renourishment projects and markedly unusual tourism patterns may provide more context to
the trends in number of reports and deaths over time. In the future for Pinellas County,
continuing to add yearly data to the heatmap tool created and conducting similar analyses using
the methods provided by this study will further increase sample size and offer more accurate
representation of predictors that can be used to better indicate municipalities, types of properties,
and specific addresses that are the most negatively impactful to the local loggerhead population.
These data need to then be actively shared between the permitted monitoring groups (e.g
Clearwater Marine Aquarium Sea Turtle Conservation Program [CMA STCP]), Pinellas County
Environmental Management, and municipal ordinance officers, all of whom making up an
indispensable part of light management, to contribute to a noticeable positive change to occur.
4.6 Conclusions
In the 2020 nesting season, 2,067 loggerhead disorientation events were reported to FWC
in the state of Florida (Ceriani, 2021). That same year, the north and mid Pinellas County
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beaches reported 85 events (a comparatively low year), making 4.1% of all disorientation events
that occurred in 2020 located in this study’s region. While this number may seem minimal, it is
not proportional to the distribution of loggerhead nests in Florida, with this study region
containing only approximately 0.2% of the total loggerhead nests laid in Florida during the 2020
season (Ceriani, 2021). This discrepancy between concentration of nesting activity and
disorientation events indicates that there is a disproportionate level of light impact on
loggerheads in Pinellas County.
As the first study of its kind to, both, provide data on the impact of artificial lighting on
marine turtles on the Florida’s western Gulf Coast and utilize information from two common
state/county reports to do so, this research displays multiple predictors of lighting impact,
provides a visual management tool, and highlights gaps in research. Using numbers of
disorientation reports and turtle mortality as proxies for the impact of artificial lighting on the
loggerhead population, multiple discoveries were made with useful implications for integration
in future management strategies. First, it was clear that light impact had not significantly
improved over the five year study period, even with the decrease in half-way technology use and
more intensive lighting surveys, increased educational efforts, and the introduction of site visits
performed by CMA STCP personnel, and more solutions needed to be discussed. Secondly,
when allocating resources among municipalities, it would be most effective to focus on longer
beaches with the largest proportion of beach visible businesses and a nonhomogeneous variation
in property types. The heatmap created in ArcGIS further allows for individual properties to be
associated with the number of reports that the building is listed as a cause in, and offers a visual
distribution of buildings and regions with the worst impact that can be updated in real time. This
critical conservation problem for Florida’s Gulf Coast loggerheads, and other understudied
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populations, can be solved given the access to relevant data and effective tools with cooperation
among management and the public.
4.6.1 Conservation Implications
The use of surrogate data from regions with higher nesting densities or more historically
managed populations for policy design in less studied areas is common but, not always effective
for addressing the unique factors and influences that are of concern for the conservation of a
local population (Polasky et al., 2005; Liles et al., 2015). Pinellas County, and more broadly, the
Gulf Coast, although existing in a state that is at the epicenter for lighting research, is unique
from the east coast in both historical management of artificial lighting and in coastal ecology.
The present study provides local data and management tools for the purpose of complementing
current management strategies by aiding in the creation of a more robust conservation plan that
can be supported by relevant findings specific to this region. By using data extracted from
reports that are commonly used across most marine turtle monitoring programs in Florida, the
present study sets up a framework for other understudied regions in the Gulf Coast and
Panhandle to evaluate unique lighting impact on local marine turtle populations. As Florida and
other coastal communities continue down a trajectory of increased development (Claudio 2009)
it is now more imperative than ever to properly address light pollution as an urgent conservation
threat to marine turtles.
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Appendix A: Supplemental Tables & Figures

Table 1A. Species breakdown (count and percentages) of published literature on orientation and
artificial light influence of marine turtles.
Species

Number of Studies

Flatback
Green
Hawksbill
Leatherback
Loggerhead
Kemp's Ridley
Olive Ridley

5
23
3
12
34
1
3

Percent of
studies
6.8%
31.5%
4.1%
16.0%
46.6%
1.4%
4.1%

Freshwater

3

4.1%

Not applicable

8

11.0%

Table 2A. Length of beach habitat (km) per municipality included in this study. Beaches are
listed in geographical order from north to south.
Municipality
Dunedin
Clearwater
Belleair Beach
Belleair Shore
Indian Rocks Beach
Indian Shores
Redington Shores
North Redington Beach
Redington Beach
Madeira Beach
Treasure Island

Beach length (km)
0.68
7.97
1.38
1.66
4.26
4.17
1.83
1.22
1.66
3.30
5.42
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Figure 1A. Boxplots representing pairwise comparisons between the two most prevalent
property majority types for both (a) the number of disorientation reports and (b) mortality events.
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